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ABSTRACT 

h l a r s h a l l  Space  F l i g h t  C e n t e r  h a s  u n d e r  t a k e n  a  s c i e n t i f i c  

s a t e l l i t e  p r o j e c t  named t h e  High Energy Astronomy O b s e r v a t o r y  

(IIEAO). I t  i s  c o n c e i v e d  a s  a  v e r y  l a r g e  s a t e l l i t e  (30  f t  l o n g  

by 1 0  f t  d i a m e t e r )  \ ve igh ing  a b o u t  2 5 , 0 0 0  l b s ,  t o  b e  l a u n c h e d  

b y  a  T i t a n  I11 r o c k e t  i n t o  a 2000 n . m i l e  a l t i t u d e  o r b i t .  I t  

i s  i n t e n d e d  t o  c a r r y  l a r g e  r a d i a t i o n  d e t e c t o r  e x p e r i m e n t s  f o r  

m e a s u r i n g  X - r a y s ,  gami:la r a y s ,  and c o s ~ i l i c  r a y s ,  and l e a d  t o  

mapping of  s o u r c e s  of r a d i a t i o n  i n  t h e  c e l e s t i a l  s p h e r e .  

C o n t r o l  of t h e  s a t e l l i t e  a t t i t u d e  i n  s p a c e  would be a c h i e v e d  

i n  p a r t  by m a g n e t i c  d e v i c e s  i n t e r a c t i n g  w i t h  t h e  e a r t h ' s  mag- 

n e t i c  f i e l d  t o  p r o v i d e  c o n t r o l  t o r c l u e s .  C l o s e d  l o o p  c o n t r o l  

would be  u s e d  t o  a c h i e v e  p o i n t i n g  a c c u r a c i e s  of 1 d e g r e e .  

T h i s  r e p o r t  d e s c r i b e s  t h e  s y n t h e s i s  and d e s i g n  t r a d e - o f f s  

i n h e r e n t  t o  a  c l . o sed  l o o p  i n a g n e t i c  c o n t r o l  s y s t e m ,  t h e  s e l e c -  

t i o n  of a  b a s e l i n e  c o n t r o l  sy s t e in  f o r  HEAO-A and t h e  p e r f o r -  

mance of  t h i s  s y s t e m  i n  b o t h  expel-i inent s c a n  and p o i n t i n g  

modes .  
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Computer s i m u l a t i o n s  of c l o s e d  l o o p  a t  t i  t u d e  c o n t r o l  of 

HEAO w i t h  o n l y  m a g n e t i c  c o n t r o l  t o r q u e s  i n d i c a t e  t h a t  t h e  

d e s i r e d  p o i n t i n g  c o n t r o l  c a n n o t  be  o b t a i n e d  due  t o  l a r g e  

g r a v i t y - g r a d i e n t  d i s t u r b a n c e  t o r q u e s .  However,  a d d i t i o n  t o  

t h e  s y s t e m  of a modest  momentum whee l  of 1000 f t - l b - s e c  momen- 

tum p r o v i d e s  enough g y r o - s t a b i l i z a t i o n  t o  HEAO t o  g i v e  s h o r t -  

t e r m  a t t i t u d e  s t a b i l i z a t i o n ,  and  t h e  m a g n e t i c  t o r q u i n g  sys te ln  

c a n  work e f f e c t i v e l y  a g a i n s t  l ong - t e rm d i s t u r b a n c e s  t o  meet 

t h e  d e s i r e d  p o i n t i n g  r e q u i r e m e n t s .  A t y p i c a l  r e s u l t  of com- 

p u t e r  s i m u l a t i o n  of t h i s  c a s e  i s  shown i n  F i g u r e  I .  T h i s  c a s e  

shows t h a t  t h e  t o t a l  e r r o r  a n g l e  i s  m a i n t a i n e d  a t  l e s s  t h a n  

1 d e g r e e  o v e r  a  24 hour  p e r i o d  and  p r o b a b l y  c o u l d  b e  m a i n t a i n -  

e d  i n d e f i n i t e l y .  

Another s a t e l l i t e  o p e r a t i n g  mode r e q u i r e s  a n o t h e r  a x i s  

t o  b e  p o i n t e d  t o  1 d e g r e e ,  and  t h e  whee l  a x i s  be m a i n t a i n e d  

w i t h i n  3-37 d e g r e e s  of t h e  s u n - l i n e  t o  o b t a i n  t h e  n e c e s s a r y  
s o l a r  a r r a y  power . \Ye have found  t h e  c o n s t a n t  s p e e d  momen turn 

whee l  w i t h  m a g n e t i c  c o n t r o l  i n a d e q u a t e  f o r  t h i s  c a s e .  However,  

by p r o v i d i n g  v a r i a b l e  whee l  s p e e d  c a p a b i l i t y ,  and  o p e r a t i n g  t h e  

whee l  t o  p r o d u c e  c o n t r o l  t o r q u e s  by wheel  s p e e d  v a r i a t i o n  w e  

have  been  s u c c e s s f u l  i n  o b t a i n i n g  t h e  d e s i r e d  c o n t r o l  a c c u r a c y .  

F i g u r e  2 ,  shows a  t y p i c a l  r e s u l t  of  computer  s i m u l a t i o n  of  t h i s  

c a s e .  

We have found  t h a t  m a g n e t i c  t o r q u e r s  c a n  b e  l i m i t e d  t o  

maximum d i p o l e  v a l u e s  of  & l o 3  ampere - tu rn -me te r2  w i t h o u t  com- 

p r o m i s i n g  t h e  s y s t e m  p e r f o r m a n c e .  T h i s  h a s  inipor t a n t  i m p l i c a -  

t i o n s  on t h e  w e i g h t  and e l e c t r i c a l  power demands of t h e  mag- 

n e t i c  c o n t r o l  s y s t e m .  
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I I . INTRODUCTION 

A .  HEAO-A C o n c e p t ,  M i s s i o n  and  C o n t r o l  R e q u i r e m e n t s  

The High Energy  Astronomy O b s e r v a t o r y  s a  t e l l i  t e  is  

c o n c e i v e d  a s  a  l a r g e  s a t e l l i t e  c a p a b l e  of c a r r y i n g  l a r g e  d e t e c -  

t o r s  01- e x p e r i i n e n t s  i n t o  low a l t i t u d e  o r b i t  f o r  a s t r o n o m i c a l  

r e s e a r c h  i n  b road  r a n g e s  of t h e  e l e c t r o m a g n e t i c  and p a r t i c l e  

s p e c t r a  . 
The p r i m a r y  o b j e c t i v e  of HEAO-A w i l l  b e  a  c o m p l e t e  s u r v e y  

of t h e  c e l e s t i a l  s p h e r e  t o  l o c a t e  a l l  s o u r c e s  of X- rays ,  

gamma-rays,  and cosmic-1-ays whose r a d i a t i o n  f a l l s  w i t h i n  t h e  

r a n g e  of i n s t r u m e n t  s e n s i t i v i t i e s  and s p e c t r a l  r a n g e .  T h e  

s e c o n d a y y  o b j e c t i v e  \ \ r i l l  be  t o  s t u d y  some of t h e s e  s o u r c e s  i n  

more d e t a i l  by p o i n t i n g  t h e  s p a c e c r a f t  f o r  l i m i t e d  p e r i o d s  of 

t inie . 
The b a s e l i n e  c o n c e p t  d e v e l o p e d  by NASA M a r s h a l l  Space  

F l i g h t  C e n t e r  f o r  t h e  HEAO-A s a t e l l i t e  c a l l s  f o r  a  t o t a l  pay-  

l o a d  w e i g h t  of 2 5 , 0 0 0  l b s  of wh ich  1 4 , 0 0 0  l b s  would b e  e x p e r i -  

ment e q u i p m e n t .  I t  would b e  a s s e m b l e d  i n  an  o c t a g o n a l  c y l i n -  

d e r  30  f t  l o n g  by 9 f t  a c r o s s  f l a t s ,  and l a u n c h e d  by a  T i t a n  

111-D r o c k e t  i n t o  a  c i r c u l a r  o r b i t  of 200 n . m i l e s  a l t i t u d e  and  

2 8 . 5  d e g r e e  i n c l i n a t i o n .  A minimum o r b i t a l  l i f e t i m e  of one 

y e a r  is r e q u i r e d .  The e s t i m a t e d  a v e r a g e  power consunipt ion of 

t h e  s a t e l l i t e  i s  660  w a t t s .  
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F a g u r e  3 shows t h e  s p a e e e r a f  t concept wh t h some ~ n d z c a t  kon 

of p o s s r b f e  k n t e r n a l  a r r angemen t  of s u b s y s t e m s .  T h r s  f l g u r e  

a l s o  d e f i n e s  t h e  a x i s  sys t em f o r  subsequen t  d i s c u s s i o n .  

S o l a r  c e l l  a r r a y s  would b e  mounted on t h e  +X r e c t a n g u l a r  

f a c e  and  t h e  two a d j a c e n t  f a c e s .  The c e l l s  w i l l  g e n e r a t e  power 

t o  s u p p o r t  t h e  s p a c e c r a f t  f u n c t i o n s ,  T h e r e f o r e ,  e x c e p t  f o r  

l i m i t e d  p e r i o d s  of t i m e ,  t h e  s p a c e c r a f t  must b e  o r i e n t e d  s o  

t h a t  t h e  +X a x i s  is  p o i n t e d  i n  t h e  v i c i n i t y  of t h e  s u n ,  T h e r e  

a r e  two o p e r a t i n g  modes f o r  t h e  expe r imen t  which have  been  

d e f i n e d ,  c o n s ~ s t e n t  w i t h t h i s  c h a r a c t e r i s t i c ,  t h e  s c a n n i n g  mode, 

and t h e  p o i n t i n g  mode, 

Scann ing  Mode -- 
I n  t h i s  mode t h e  s a t e l l i t e  w i l l  r o t a t e  a t  0 , 0 5  rpm ( + , 0 5  

rpm) a b o u t  t h e  X a x i s ,  w i t h  t h e  +X a x i s  p o i n t e d  a t  t h e  s u n  t o  

an a c c u r a c y  of 1 d e g r e e ,  V a r i o u s  e x p e r i m e n t s  w i l l  d e t e c t  

r a d i a t i o n  a l o n g  t h e  Y and Z a x e s .  These a x e s  w i l l  s c a n  t h e  

c e l e s t i a l  s p h e r e  a s  t h e  s a t e l l i t e  r o t a t e s  and  s u r v e y  a  r e g i o n  

of t h e  s k y ,  A s  t h e  sun  a p p e a r s  t,o move i n  t h e  c e l e s t i a l  s p h e r e  

a b o u t  1 deg /day ,  i n  a b o u t  $80 d a y s  t h e  e n t i r e  c e l e s t i a l  s p h e r e  

w i l l  have  been  s u r v e y e d  by  t h e  e x p e r i m e n t  d e t e c t o r s ,  

A variation of t h e  s c a n n i n g  mode i s  t h e  g a l a c t i c  s c a n  

mode. I n  t h i s  c a s e  t h e  s a t e l l i t e  s p i n  a x i s  is  o r i e n t e d  n e a r  

t h e  g a l a c t i c  p o l e s  s o  t h a t  t h e  e x p e r i m e n t s  s c a n  f o r  s o u r c e s  i n  

t h e  g a l a c t i c  p l a n e ,  The s p i n  a x i s  must a l s o  be  w i t h i n  37O of  

t h e  s u n - l i n e  t o  p r o v i d e  a d e q u a t e  power.  Obv ious ly  t h i s  c a n  

o n l y  b e  done a t  c e r t a i n  t i m e s  of t h e  y e a r  when t h e  s u n  ap- 

p r o a c h e s  t h e  g a l a c t i c  p o l e ,  

P o i n t i n g  Mode -- 
I n  t h l s  mode one of t h e  experiment a x e s  ( e ~ t h e r  Y or  Z)  

wkdZ b e  o r d e n i e d  t o  remain  Xixed on some e e l e s t k a l  s o u r c e s  f o r  

contanuous sensing The r e q u a r e d  alignment a c c u r a c y  r s  +-L de- 

g r e e ,  A t  t h e  same t i m e  the +X a x l s  must be orlented t o  wsthln 

some a n g l e  o i  t h e  sun  i l n e  (-37 d e g r e e s )  t o  a s s u r e  a d e q u a t e  

power generation by t h e  s o l a r  a r r a y s ,  
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A c l o s e d - l o o p  a t t l t u d e  c o n t r o l  s y s t e m  wou ld  b e  u s e d  r n  

b o t h  modes,  Sun s e n s o r s  ( f o r  t h e  s c a n n i n g  m o d e )  and  s t a r  

s e n s o r s  ( f o r  t h e  p o i n t i n g  mode) would be u s e d  t o  p r o v i d e  e r r o r  

a n g l e s  f o r  t h e  c . o n t r o l  s y s t e m ,  An i n e r t i a l  p l a t f o r m  o r  s t r a p -  

down g y r o  s y s t e m  might  a l s o  be  u s e d  f o r  e r r o r  a n g l e  i n f o r m a t i o n .  

A g y r o  s y s t e m  would b e  u s e d  t o  s e n s e  s a t e l l i t e  r o t a t i o n  r a t e s .  

The a n g l e  and  r a t e  i n f o r m a t i o n  would be  u s e d  i n  some s o r t  of 

a n g l e  o r  d i g i r a l  c o n t r o l l e r  which  would a c t i v a t e  t h e  a p p r o p r i a t , e  

t o r q u e  g e n e r a t o r s  t o  c o r r e c t  t h e  s a t e l l i t e  a t t i t u d e  a n d  m a i n t a i n  

i t  w l t h a n  t h e  d e s i r e d  l i m i t s ,  

B .  P o s s i b i l i t y  of Magnet ic  C o n t r o l  a n d  - Advantages  

V a r i o u s  t o r q u e  g e n e r a r o r s  a r e  b e i n g  c o n s i d e r e d  f o r  

HEAO-A, i n c l u d i n g  g a s  j e t  t h r u s t e r s ,  r e a c t i o n  w h e e l s ,  a n d  mag- 

n e t i c  t o r q u e r s  r e a c t i n g  w i t h  t h e  e a r t h ' s  m a g n e t i c  f i e l d ,  

Gas j e t  t h r u s t e r s  have t h e  a d v a n t a g e  t h a t  t h e  t o r q u e  c a n  

b e  d i r e c t l y  a p p l i e d  t o  t h e  d e s i r e d  a x i s ,  Hardware and  c o n t r o l  

s y s t e m s  u s i n g  t h e s e  d e v i c e s  have proven  pe r fo rmance  i n  s p a c e -  

c r a f t  a p p l i c a t i o n s ,  However t h e  g a s  s u p p l y  is n o t  u n l i m i t e d ,  

and  e v e n t u a l  consumpt ion  of t h e  s u p p l y  l i m i t s  t h e  l i f e t i m e  of 

t h e  s a t e l l i t e ,  

R e a c t i o n  w h e e l s  have proven  pe r fo rmance  b u t  power consump- 

t i o n  and  sys t em c o m p l e x i t y  a r e  d i s a d v a n t a g e s ,  

Magnet ic  X o r q u i n g  h a s  been  u s e d  e x t e n s i v e l y  i n  a t t i t u d e  

c o n t r o l  of s m a l l  s a t e l l i t e s ,  v i z .  t h e  TIROS s a t e l l i t e < "  t h e  

Direct Measurement ~ x ~ l o r e r - ~ b ~ )  t h e  DODGE s a t e l l i t e ,  '39 and  

o t h e r s ,  ' 4 q 5 )  I t  is s i m p l e  i n  c o n c e p t ,  and  u n l i m i t e d  i n  l i f e -  

t i m e ,  Power consumpt ion  c a n  b e  minimized by c a r e f u l  d e s i g n ,  

The major  l i m i t a t i o n  however is one of b a s i c  p h y s i c s ,  namely 

t h a t  a t  any i n s t a n t  o f  t l m e ,  w i t h  a  g i v e n  m a g n e t i c  f i e l d  of t h e  

e a r r h  a t  t he  s a t e l l i t e ,  H ,  no  c o n t r o l  t o r q u e  c a n  be g e n e r a t e d  
+ 

w a r h  a component p a r a l l e l  t o  t h e  v e c t o r  H .  T h ~ s  is because t h e  
-+ 

t o r q u e  'I produced  b y  t h e  r n r e r a c t r o n  of a s a t ~ X ~ k t e  magnerac 
-> 

dapo le  M w i t h  t h e  e a r t h ' s  f e e l d  a s  g i v e n  b y  Lhe  v e c t o r  c r o s s  

p r o d u c t  , 
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C l e a r l y  t h e  torque rs i s e r p e n d l c u l a r  t o  b o t h  $ a n d  H and. h a s  no 

component p a r a l l e l  w a t h 8  The d l p o l e  2 c a n  be  a r b l t r a r a P y  

o r l e n t e d  i n  t h e  satellite b y  energizing t h r e e  o r t h o g o n a l  

e l e c t r o m a g n e t s  o r  a i r  c o i l s ,  even  s o  t h e  r e s u l t a n t  t o r q u e  is 

p e r p e n d i c u l a r  t o  g o  
T h e r e f o r e  when t h e  " c o n t r o l l e r "  r e c o g n i z e s  t h e  need f o r  

t o r q u e  p a r a l l e l  t o  3 t o  c o r r e c t  some a t t i t u d e  e r r o r ,  i t  f i n d s  

t h a t  i t  c a n n o t  p roduce  t h e  d e s i r e d  t o r q u e  w i t h  m a g n e t i c  t o r -  

que r  s , 

I t  i s  f o r  t h i s  r e a s o n  p r i m a r i l y ,  t h a t  applications of 

m a g n e t i c  t o r q u i n g  h a s  been  l i m i t e d  t o  s p e c i a l  a p p l i c a t i o n s  

where t h e  fundamen ta l  l i m i t a t i o n  c o u l d  be  t o l e r a t e d .  One 

a s p e c t  of t h e  e a r t h ' s  m a g n e t i c  f i e l d  which makes t h e  problem 

t o l e r a b l e  i s  t h a t  t h e  orientation of t h e  f i e l d  changes  w i t h  

t i m e  a s  t h e  s a t e l l i t e  p r o c e e d s  an  o r b i t  a round  t h e  e a r t h .  

T h e r e f o r e  i t  may b e  p o s s i b l e  t o  p roduce  t h e  d e s i r e d  t o r q u e  i f  

t h e  c o n t r o l l e r  c a n  w a i t  f o r  t h e  f i e l d  d i r e c t i o n  t o  change  

s u f f i c i e n t l y .  T h i s  is  t r u e  f o r  a l l  o r b i t s ,  even e q u a t o r i a l ,  

b e c a u s e  of t h e  t i l t  i n  t h e  e a r t h ' s  d i p o l e  f i e l d ,  and  a l s o  f o r  

s a t e l l i t e s  i n  synchronous  o r b i t  b e c a u s e  t h e  f i e l d  d i r e c t i o n  

( i n  i n e r t i a l  s p a c e )  changes  w i t h  a  p e r i o d  of 24 h o u r s ,  

T h i s  r e q u i r e m e n t  f o r  d e l a y  i n  t a k i n g  c o r r e c t i v e  a c t i o n  

f o r c e s  compromise on t h e  c o n t r o l  p e r f o r m a n c e ,  A s  a  g e n e r a l  

r u l e  p r e c i s e  t h r e e - a x i s  s t a b i l i z a t i o n  of a  s p a c e c r a f t  a g a i n s t  

l a r g e  and a r b i t r a r y  d i s t u r b a n c e s  c a n n o t  b e  a c h i e v e d  w i t h  a l l  

m a g n e t i c  c o n t r o l ,  However modest s t a b i l i z a t i o n  a g a i n s t  s m a l l ,  

p r e d a c t a b l e  d i s t u r b a n c e s  is  i n  some c a s e s ,  f e a s i b l e .  

I t  is t h e  pu rpose  of o u r  s t u d y  h e r e  t o  e x p l o r e  t h i s  

p o s s i b i l i t y  f o r  HEAO-A. The d e s i r e d  o r i e n t a t i o n  a c c u r a c y  of  

t h e  s c a n  a x x s  of k 1  d e g r e e  ( i n  t h e  s c a n n i n g  mode) a p p e a r s  

c h a l l e n g i n g  f o r  magne t i c  c o n t r o l .  However t h e  s a t e l l ~ t e  is 

l a r g e  and heavy ,  and s u b j e c t e d  t o  r e l a t i v e l y  s m a l l  d i s t u r -  

b a n c e s ,  T h ~ s  h e l p s  t o  e a s e  t h e  problem So t h e r e  r s  a  r e a s o n -  

a b l e  bas:s For eonsrder~ng the feas~hrllty of a l  1 m a g n e h r c  c o n -  

t r o l ,  a t  l e a s t  f o r  some p h a s e s  o l  t h e  mxss lon  IS n o t  a k l ,  w ~ t h  

significant a d v a n t a g e  t o  t h e  s p a c e c r a f t  l i f e t i m e  and c o m p l e x i t y  

~ f  a t  c a n  be  a c h i e v e d ,  
- 9 -  
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I1  I INYESTIGAT I ON OF PROPLFM 

A ~~~~pose-andl_Sco~e 
The p u r p o s e  of s t u d y  is t o  p r o v i d e  guidelines f o r  

s u b s e q u e n t  d e s i g n  of t h e  s a t e l l i t e .  A s  s u c h  our  app roach  h a s  

been  t o  s e e k  and  i d e n t i f y  problem a r e a s ,  e x p l o r e  t h e  e f f e c t s  

of v a r a o u s  schemes and  p a r a m e t e r s ,  and i n  g e n e r a l  e s t a b l i s h  a  

b a s e l i n e  a p p r o a c h  f o r  u s e  i n  t h e  P a t t e r  s t a g e s  of s a t e l l i t e  

d e s i g n .  

Many r e a l  and  p r a c t i c a l  p rob lems  of c o n t r o l  s y s t e m  d e s i g n  

e v o l v e  f rom t h e  p e c u l i a r i t i e s  of t h e  a t t i t u d e  s e n s o r s  - t h e i r  

e r r o r s ,  n o i s e  c h a r a c t e r i s t i c s ,  s a m p l i n g  c h a r a c t e r i s t i c s ,  e t c ,  

Our f o c u s  h e r e  however is  on m a g n e t i c  c o n t r o l  and  i t s  c a p a b i -  

l i t i e s ,  We have t h e r e f o r e  chosen  t o  assume i d e a l  c h a r a c t e r -  

i s t ics  f o r  t h e  s e n s o r  s y s t e m s  f o r  t h e  most p a r t ,  

The " c o n t r o l l e r "  t a k e s  s e n s o r  o u t p u t s  and "computes" con- 

t r o l  a c t i o n  v i a  b u i l t - i n  a l g o r i t h m s  and  l o g i c ,  some of which 

may b e  s u b j e c t  t o  change  by ground command. We have assumed 

i d e a l i z e d  c o n t r o l l e r  c h a r a c t e r i s t i c s ,  i , e ,  we assume t h a t  i t  

d o e s  e x a c t l y  what we r e q u i r e  of i t ,  

The a s s u m p t i o n s  f o c u s  ou r  s t u d y  on t h e  problem of mag- 

n e t i c  t o r q u i n g ,  

T h i s  s e c t i o n  c o n s i d e r s  HEAO-A a t t i t u d e  r e q u i r e m e n t s  and  

i n v e s t i g a t e s  c o n t r o l  s y s t e m  t r a d e - o f f s  and  p e r f o r m a n c e .  The 

i n v e s t i g a t i o n  i n c l u d e s  t h e  e f f e c t s  on p o i n t i n g  pe r fo rmance  due  

t o :  

( a )  whee l  momen turn 

(b)  m a g n e t i c  t o r q u e r  l i m i t s  

( c )  c o n t r o l  Paw c o e f f i c i e n t s  

f d )  m a g n e t i c  c o n t r o l  a l g o r i t h m  

% e )  n o i s e  and deadband on a t t i t u d e  s e n s o r s ,  and  

( f )  l a r g e  a n g l e  and r a t e  e r r o r s ,  

From this investigation a control system is syntbes~aed which 

m e t s  mm*ssion reqrrirerrients using mlnlrnum sized control system 

elements. The performance of this baseline system as examlned 

i n  d e t a i l ,  
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B ,  D e s i g n  Approach --- f o r  a M a g n e t i c  C o n t r o l  - S y s t e m  

Synthesis of a  m a g n e t i c  c o n t r o l  sys tem is f a r  f rom 

s t r a i g h t f o r w a r d  due  t o  g r o s s l y  n o n - a n a l y t i c  a s p e c t s  of t h e  

p rob lem.  F i r s t  i t  must b e  n o t e d  t h a t  i n h e r e n t  l i m i t a t i o n s  

e x i s t  i n  t h e  u s e  of m a g n e t i c  t o r q u e r s  f o r  t h r e e - a x i s  a t t i t u d e  

c o n t r o l .  To r e s t a t e  t h e  problem s i m p l y ,  no  component of t h e  

d e s i r e d  t o r q u e  v e c t o r  c a n  b e  g e n e r a t e d  which  i s  p a r a l l e l  t o  

t h e  l o c a l  m a g n e t i c  f i e l d .  Second,  t h e  m a g n e t i c  f i e l d  of t h e  

e a r t h  is q u i t e  complex and a c c u r a t e  pe r fo rmance  p r e d i c t i o n s  

c a n n o t  b e  made w i t h  l i n e a r  dynamica l  models  o r  s i m p l i f i e d  

r e p r e s e n t a t i o n s  of t h e  e a r t h ' s  m a g n e t i c  f i e l d .  APL s i m u l a -  

t i o n s  employed f u l l  n o n l i n e a r  e q u a t i o n s  of mot ion  and  48 

t e r m s  of a  s p h e r i c a l  harmonic  e x p a n s i o n  of t h e  m a g n e t i c  f i e l d .  

The n o n - a n a l y t i c  a s p e c t s  and  l i m i t a t i o n s  imposed by a  

m a g n e t i c  t o r q u i n g  sys t em r e q u i r e  a  t r i a l  and  e r r o r  d e s i g n  

s y n t h e s i s  r a t h e r  t h a n  a  s t r a i g h t f o r w a r d  s o l u t i o n .  T h e r e  i s  

one a s p e c t  of t h e  problem which  d o e s  l e n d  i t s e l f ,  however ,  t o  

e x a c t  s o l u t i o n  and  t h a t  is  e v a l u a t i o n  of t h e  i n s t a n t a n e o u s  

d e s i r e d  t o r q u e  v e c t o r  needed  f o r  o p t i m a l  c o n t r o l .  P r o d u c i n g  

t h a t  t o r q u e  v e c t o r  m a g n e t i c a l l y  is s u b s e q u e n t l y  s o l v e d  by 

t r i a l  and e r r o r  t e c h n i q u e s .  The o v e r a l l  s y s t e m  d e s i g n  was 

t h e r e f o r e  d i v i d e d  i n t o  two p a r t s :  

( a )  g i v e n  s p a c e c r a f t  a t t i t u d e  e r r o r s  and  r a t e s ,  d e t e r m i n e  t h e  

d e s i r e d  t o r q u e  v e c t o r  which  i n  an o p t i m a l  s e n s e  w i l l  c o n t r o l  

t h e  p o i n t i n g  e r r o r  w i t h  some minimum of c o n t r o l  e f f o r t ,  and 

(b )  g i v e n  t h e  d e s i r e d  t o r q u e  v e c t o r  a n d  a t t i t u d e  of t h e  mag- 

n e t i c  f i e l d  r e l a t i v e  t o  t h e  s p a c e c r a f t  g e n e r a t e  m a g n e t i c  

d i p o l e  moments which  w i l l  e f f e c t  t h e  d e s i r e d  c o n t r o l .  

The two-s t ep  c o n t r o l  s y s t e m  s y n t h e s i s  r e q u i r e s  t h e n  ( a )  

d e t e r m i n a t i o n  of  o p t i m a l  c o n t r o l  law c o e f f i c i e n t s  and an i n -  

v e s t i g a t i o n  of t h e  e f f e c t  of t h e  assumed o p t i m i z a t i o n  c r i t e r i a  

and (b )  s y n t h e s i s  of a  m a g n e t i c  c o n t r o l  a l g o r i t h m  and i n v e s ~ i -  

gation of the e f f e c t  o f  variations i n  its d e s i g n ,  Coupled 

i n t o  the pxoblem a r e  e1r"ects duc Lo wheel nzomentum, d i p o l e  

moment l i m i t s ,  s e n s o r  deadband and  l a r g e  a n g u l a r  m o t i o n .  
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SATELLITE D Y N A M I C S  

CONTROL LAW 

Fig. 4 HEAO-A ATTITUDE CONTROL SYSTEM CONCEPT 
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The cnmqplex c n v p l n n g  z n h e r e n t  t o  t h e  ~ n a g n e t n c  c c n t r ~ l  of 

HEAO-A is i l l u s t r a t e d  a n  t h e  b l o c k  d i ag ram of Fkgure 4 ,  A 

breakdown of t h e  t o t a l  m a g n e t i c  c o n t r o l  s y s t e m  i n t o  a c o n t r o l  

law s e c t i o n  and t o r q u e r  a l g o r i t h m  s e c t i o n  e n a b l e s  t h e  o p t i m i z a -  

t i o n  of e a c h  on a  more t r a c t a b l e  b a s i s .  

C,  D e r i v a t i o n  of Opt imal  C o n t r o l  Law C o e f f i c i e n t s  

T h i s  s e c t i o n  d e s c r i b e s  t h e  HEAO-A a t t i t u d e  c o n t r o l  l aw  

d e s i g n e d  t o  min imize  c o n t r o l  e f f o r t  w h i l e  m a i n t a i n i n g  p o i n t i n g  

and s c a n  r a t e  c o n t r o l .  The a n a l y s i s  i s  d e t a i l e d  i n  Appendix 

B and is b a s e d  on l i n e a r i z e d  dynamica l  e q u a t i o n s  of m o t i o n .  

Output  f rom t h e  o p t i m a l  c o n t r o l  l aw is t h e  d e s i r e d  c o n t r o l  

t o r q u e  v e c t o r ,  T h e r e  is no  l i m i t a t i o n  of m a g n e t i c  i n t e r a c t i o n  

imposed a t  t h i s  p h a s e .  I t  is  assumed t h a t  a  c o n t r o l  t o r q u e  

can  b e  o b t a i n e d  i n  any d i r e c t i o n .  T h r e e  modes of o p e r a t i o n  a r e  

s t u d i e d :  a  s c a n  mode, and two p o i n t i n g  modes,  

The c o n t r o l  s y s t e m  must meet c e r t a i n  r e q u i r e m e n t s :  

( l )  Given any i n i t i a l  e r r o r  ( r o l l  s p i n  r a t e ,  r o l l  a n g l e ,  p i t c h  

a n g l e ,  o r  yaw a n g l e ) ,  t h e  s y s t e m  must r e d u c e  t h i s  e r r o r  t o  a  

t o l e r a b l e  v a l u e .  

(2) Given an  e x t e r n a l  d i s t u r b a n c e  on t h e  s a t e l l i t e  t h e  c o n t , r o l  

s y s t e m  must r e d u c e  t h e  e f f e c t s  of t h i s  d i s t u r b a n c e  t o  an 

a c c e p t a b l e  e r r o r ,  

The o b j e c t  of t h e  c o n t r o l  l aw is t o  t a k e  t h e  measured a t t i t u d e  

and  r a t e  e r r o r s  of  t h e  s a t e l l i t e  a n d ,  f rom t h i s  i n f o r m a t i o n ,  

compute t o r q u e s  which  must b e  a p p l i e d  t o  t h e  s a t e l l i t e  t o  

min imize  t h e s e  e r r o r s  and  a t  t h e  same t ime  minimize  t h e  c o n t r o l  

e f f o r t  r e q u i r e d ,  

M a t h e m a t i c a l l y ,  t h i s  o b j e c t i v e  of o p t i m a l  c o n t r o l  is  t o  

choose  t h e  c o n t r o l  t o r q u e  v e c t o r  i n  s u c h  a  way a s  t o  min imize  

t h e  q u a d r a t i c  pe r fo rmance  i n d e x  
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Where : 

yaw angle  ( p o s i t i v e  r o t a t i o n  about z a x i s )  

p i t c h  ang le  ( p o s i t i v e  r o t a t i o n  about y a x i s )  

r o l l  ang le  ( p o s i t i v e  r o t a t i o n  about x  a x i s )  

r o l l  r a t e  e r r o r  

c o n t r o l  to rque  about t he  x  a x i s .  

c o n t r o l  torque about t h e  y  a x i s  

c o n t r o l  torque about t h e  z a x i s  

e r r o r  t o  to rque  weight ing r a t i o  

plJV?-lA 
For t h e  ssim modes, E is rep laced  by the  r , t h e  r o l l  ang le .  

The optimal s o l u t i o n  f o r  t h e  c o n t r o l  to rque  is de r ived  by 

computer s o l u t i o n .  Table  I lists the  s e t  of c a s e s  i n v e s t i g a t e d  

f o r  HEAO-A. I n  Table  I 

Hx = momentum of t h e  x  a x i s  momentum wheel 

I. = nominal r o l l  r a t e  = cons t an t  

Table  I OPTIMAL CONTROL CASES INVESTIGATED . 
Mode Cont ro l  Law q/, weight ing *x 

r 
0 

No. r a t i o  -f t- lb-sec- -rpm- 

Scan Mode 14 ~ ~ O ( P , Y )  , l o ( * )  1000 .05 
1 5  lOo(P,Y) , l o ( ? )  500 .05 
16 lOo(P,Y) , l o ( * )  0  .05 
17 loo(P,Y) , l o ( $ )  0  0  
18 ~ O ~ ( P , Y )  , l o ( ? )  0  . l o  
19  100(P,Y) , l o ( ? )  2000 .05  
20 6 o o ( ~ , ~ )  , l o ( $ )  0  .05 
21 600(P,Y) , l O ( r )  0  . l O  
22 - - - - - - - ~ ~ O ( P , Y )  - , l o c i )  0  0  

--- - 
P o i n t i n g  
Mode I 23 1 0 0 ( r 7 Y ) , l ( P )  0  0  
(Y p o i n t i n g )  24 1 0 0 ( r 9 y )  , U P )  1000 0  

25 l O o ( r , ~ )  , l ( P )  500 0  
P o i n t i n g  
Mode 11 26 1 0 0 ( r , P )  , l ( Y )  0  0  
( Z  p o i n t i n g )  27 lOo(r ,P)  1000 0  

28 l o O ( r , ~ )  , l (Y)  500 0  
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The general Iorm of t h e  optimal control torque 

1s given by a linear eomb~natfon of e r ro r s  a n d  r a t e s ,  v i z , ,  

T = - k  y -  
k12j' 

- k13p - k14p - k15r - k1.6(i-t  x 1.1 d e s i r e d  ) 

T a b l e s  I 1  and 111 l is t  t h e  c o e f f i c i e n t s  k i j  f o r  e a c h  of  

t h e  c a s e s  l i s t e d  i n  T a b l e  I .  A l l  c o e f f i c i e n t s  a r e  b a s e d  on 

t h e  moments of i n e r t i a  

4  2  
I x  = 5 . 0 ~ 1 0  kg-m2 ( 3 6 , 8 7 0  s l u g - f  t ) 3 2 
IY  

= 5 . 4 ~ 1 0  kg-m2 (3982.  s l u g - f t  ) 
4  

I z = 4 . 8 ~ 1 0  kg-m2 (35400 s l u g - f  t 2 )  

S e v e r a l  of t h e  c o n t r o l  c o e f f i c i e n t s  a r e  i d e n t i c a l l y  z e r o ,  

namely 

For t h e  s c a n  mode k15 i s  z e r o  s i n c e  r o l l  a n g l e  is n o t  an  a t t i -  

t u d e  e r r o r  p a r a m e t e r .  T a b l e s  I 1  and I11 l i s t  a % %  non-zero  

c o e f f i c i e n t s ,  U n i t s  f o r  t h e  c o e f f i c i e n t s  a r e  i n  t h e  MKS s y s t e m  

where t h e  t o r q u e s  computed a r e  i n  newton-meters ,  a n g l e s  e x p r e s s e d  

i n  - r a d i a n s  and  r a t e s  e x p r e s s e d  i n  r a d i a n s / s e c o n d ,  
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D Magnet rc  - --------- C o n t r o l  System S y n t h e s i s  -- and Per fo rmance  

1 -  Faxed p a r a m e t e r s  f o r  NEBO-A s l m u L a t i o n s  

S e c i l o n  @ d e v e l o p s  t h e  o p t i m a l  c o n t r o l  law f o r  

HEAO-A which  min imizes  some measure  of t h e  s q u a r e s  of t h e  

e r r o r  a n g l e s  and s q u a r e s  of t h e  c o n t r o l  t o r q u e s ,  A f l i g h t  

s y s t e m  would i n c l u d e  a  c o n t r o l  l aw s e c t i o n  ( a s  shown i n  F i g u r e  

4) wh ich  c o n t i n u o u s l y  (o r  on a  sampled  d a t a  b i a s e s )  g e n e r a t e s  

t h e  t h r e e   component,^ of t h e  d e s i r e d  t o r q u e  v e c t o r .  

I t  r e m a i n s  t h e n  t o  s y n t h e s i z e  a  m a g n e t i c  c o n t r o l  s y s t e m  

which b e s t  g e n e r a t e s  t h i s  d e s i r e d  t o r q u e  v e c t o r ,  E v a l u a t i o n  

of t h i s  c o n t r o l  s y s t e m  is s t r o n g l y  dependen t  on s p e c i f i c  o r b i t  

p a r a m e t e r s ,  m o d e l l i n g  of  e a r t h ' s  m a g n e t i c  f i e l d ,  and o r i e n t a -  

t i o n  of  t h e  s c a n  a x i s ,  A l a r g e  number of e x a c t  computer  simu- 

l a t i o n s  a r e  t h u s  r e q u i r e d  t o  e s t a b l i s h  a t t i t u d e  p e r f o r m a n c e .  

Subsequen t  s e c t i o n s  d i s c u s s  t h e  e f f e c t s  on a t t i t u d e  be- 

h a v i o r  due  t o  c o n t r o l  s y s t e m  p a r a m e t e r s  a s  based  on d i g i t a l  

computer  s i m u l a t i o n s ,  T a b l e  XV l is ts  t h o s e  p a r a m e t e r s  h e l d  

c o n s t a n t  t h r o u g h o u t  a l l  s i m u l a t i o n s ,  

2 .  E f f e c t s  due t o  Wheel Momentum, Weight ing  R a t i o  

and D i p o l e  L i m i t s  

The most c r i t i c a l  p a r a m e t e r  i n  t h e  HEAO-A s y s t e m  

is  t h e  whee l  momentum. I t  i s  d e s i r a b l e  t o  d e t e r m i n e  t h e  

minimum whee l  momentum n e c e s s a r y  t o  a c h i e v e  p o i n t i n g  c o n t r o l .  

I n v e s t i g a t i o n  of t h e  e f f e c t  on p e r f o r m a n c e  due t o  whee l  momen- 

tum is  c l o s e l y  c o u p l e d  t o  t h e  c o n t r o l  l aw c o e f f i c i e n t s  and 

l i m i t s  on d i p o l e  moments, The e f f e c t  of l a r g e  whee l  momentum 

i s  t o  r e d u c e  mot ion  of t h e  p o i n t i n g  a x i s  s o  m a g n e t i c  

c o n t r o l  i s  more e a s i l y  a c c o m p l i s h e d ,  T h i s  means t h a t  t h e  

c o n t r o l  t o r q u e s  and  t h u s  d i p o l e  moment s i z e  can  b e  r e d u c e d  and  

a l s o  t h a t  m a g n e t i c  c o n t r o l  e f f o r t  c a n  b e  d e l a y e d  u n t i l  t h e  

Loca l  f i e l d  v e c t o r  is i n  a  more f a v o r a b l e  o r i e n t a t i o n .  

Fo r  s m a l l e r  v a l u e s  of w h e e l  mornenturn g r e a t e r  m a g n e t i c  

c o n t r o l  a c t i o n  is requlred t o  m a l n t a l n  p o a n t i n g  c o n t r o l  a n d  

actson must be t a k e n  almost  continuous1 y Thns need for 

i n c r e a s e d  c o n t r o l  a c t l o n  r e q u a r e s  greater d s p o l e  l a m i t s ,  l a r g e r  



THE JOHNS HOPKINS UNIVERSITY 

APPLIED PHYSICS LABORATORY 
SILVER S P R I N G  M A R Y L A N D  

T a b l e  Z V  

HEAO-A S t u d y  P a r a m e t e r s  

S a t e l l i t e  Moments of I n e r t i a  

Xx= 3 6 , 9 2 0  s l u g - f t  2  

1 = 3 , 9 9 2  s l u g - f t  2  
Y 

IZ=  3 5 , 1 8 7  s l u g - f t  2  

F lywhee l  Momentum 0  t o  2000 f t - l b - s e c  

Orb i t ,  

A l t i t u d e  200 n o m i l e s  

I n c l i n a t i o n  2 8 . 5  deg  

E c c e n t r i c i t y  0  

R t  , Ascens ion  of Node 0  deg  o r  180 deg  . 

E a r t h ' s  Magne t i c  F i e l d  48 t e r m  e x p a n s i o n  

C o n t r o l  Modes 

C e l e s t i a l  Scan ( S o l a r  P o i n t i n g  t o  &l d e g )  

G a l a c t i c  Scan ( G a l a c t i c  p o l e  p o i n t i n g  t o  &1 deg)  

P o i n t i n g  Mode (Y a x i s  t o  & %  d e g ,  X a x i s  t o  f 3 7  deg of s u n )  
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c o n t r o l  l a w  e o e f f i e n e n t s .  and p l a c e s  more demand on t h e  mag- 

n e t l c  c o n t r o l  aLgorr thms t o  p roduce  t h e  b e s t  c o n t r o l  f o r  

a r b i t r a r y  o r i e n t a t i o n s  of t h e  l o c a l  m a g n e t i c  f i e l d ,  

I n c r e a s i n g  d i p o l e  l i m i t s  d o e s  n o t  i n  i t s e l f  immed ia t e ly  

p r o d u c e  b e t t e r  m a g n e t i c  c o n t r o l ,  What i t  d o e s  is t o  a l l o w  t h e  

m a g n e t i c  t o r q u e  v e c t o r  t o  i n c r e a s e  i n  magn i tude  and p e r h a p s  

a l l o w  t h e  m a g n e t i c  t o r q u e  v e c t o r  t o  more c l o s e l y  a l i g n  w i t h  

an  i n t e n d e d  t o r q u e  v e c t o r ,  

A s e c o n d  i n g r e d i e n t  needed f o r  i n c r e a s e d  m a g n e t i c  i n t e r -  

a c t i o n  is i n c r e a s e d  w e i g h t i n g  r a t i o ,  The w e i g h t i n g  r a t i o  

( c a l l e d  q / r  i n  S e c t i o n  11, C . )  c o n t r o l s  t h e  d e g r e e  of impor- 

t a n c e  a t t a c h e d  t o  a n g u l a r  e r r o r  v e r s u s  t o r q u e  magni tude  i n  t h e  

o p t i m i z a t i o n  i n t e g r a l .  I n c r e a s i n g  t h e  w e i g h t i n g  r a t i o  p l a c e s  

more emphas i s  on r e d u c i n g  t h e  p o i n t i n g  e r r o r  and c a l l s  f o r  

i n c r e a s e d  t o r q u e s  f rom t h e  c o n t r o l  law t o  d o  s o ,  G e n e r a l l y  

i t  is  n e c e s s a r y  t o  i n c r e a s e  t h e  l i m i t s  on d i p o l e  moment when 

t h e  w e i g h t i n g  r a t i o  i s  i n c r e a s e d ,  I f  n o t ,  t h e  i n c r e a s e d  

demand f o r  c o n t r o l  a c t i o n  is n o t  g e n e r a t e d  by  t h e  t o r q u e r s .  

The s p e c i f i c  v a l u e s  of whee l  momentum i n v e s t i g a t e d  were 

2000,  1 0 0 0 ,  500 ,  and 0  f t - l b - s e c .  The p o i n t i n g  and s c a n  r a t e  

c o n t r o l  pe r fo rmance  a s  e f f e c t e d  by w e i g h t i n g  r a t i o  and  d i p o l e  

l i m i t s  on t h e s e  whee l  momenta is p r e s e n t e d  i n  t h e  f o l l o w i n g  

s e c t i o n s ,  

a ,  2000 f t - % b - s e e  whee l  

For  t h e  2000 f t - l b - s e c  f l y w h e e l  HEAO-A r u n  

numbers 1 4  and 1 6 ,  shown i n  F i g u r e s  5 t h r o u g h  7 ,  a r e  r e p r e -  

s e n t a t i v e  of s c a n  mode p e r f o r m a n c e ,  Run # l 4  h a s  no l i m i t  on 

d i p o l e  moment; r u n  Xl6 h a s  l o 3  amp-turn-m2 l i m i t s .  For  b o t h  

r u n s  t h e  s c a n  a x i s  p o i n t e d  a t  t h e  s u n  a t  w i n t e r  s o l s t i c e  and  

t h e  w e i g h t i n g  r a t i o  was 1 0 0 / l ,  I n  r u n  #%6,  where t h e  d i p o l e  

moments were  Bami ted ,  p o i n t i n g  e r r o r  p e a k s  were  abou t  0 , 6 '  a n d  

s p i n  r a t e  v a r i a t i o n s  ( f rom 0 , 0 5  rprn) were  0 . 0 2 5  rpm, Using 

s m a l l e r  w e i g h t i n g  r a t l o  and f u r t h e r  l i m x t l n g  t h e  dipole moment 

s t z e  would Inc rease  t h e  point~ng a n d  scan r a t e  e r rors  T h e  
3 1 0  amp-turn-m2 d e s ~ g n  f o r  a 2000 f t - l b - s e c  wheel a p p e a r s  t o  

have c o n s i d e r a b l e  margin 
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Fig. 5 HEAO WITH 2000 FT-LB-SEC WHEEL AND MAGNETIC CONTROL 
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Fig. 7 HEAO WITH 2000 FT-LB-SEC WHEEL AND MAGNETIC CONTROL 
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b' 1000 ft-lb-see Wheel -- -- 

HEAO-A r u n  # I 8  ( F i g u r e  8 )  is representative of t h e  

p o i n t i n g  and s c a n  r a t e  c o n t r o l  pe r fo rmance  u s i n g  a 1000 f t - l b -  

s e c  f l y w h e e l ,  The d i p o l e  l i m i t s  were  l o 3  amp-turn-ma and 
I w e i g h t i n g  r a t i o  l 0 0 / l .  Dur ing  a  24 hour p e r i o d  t h e  s c a n  r a t e  

v a r i a t i o n  was below - 0 5  rpm and peak  p o i n t i n g  e r r o r s  a b o u t  

0 ~ 9 ' .  I n c r e a s i n g  t h e  d i p o l e  moment l i m i t s  a l o n e  would n o t  

improve p o i n t i n g  pe r fo rmance  a s  most of t h e  c o n t r o l  a c t i o n s  

c a l l  f o r  d i p o l e s  of l o 3  o r  l e s s .  P o i n t i n g  and s c a n  r a t e  p e r -  

formance  c o u l d  b e  improved by b o t h  i n c r e a s i n g  t h e  w e i g h t i n g  

r a t i o  ( r e s u l t s  i n  g r e a t e r  t o r q u e  demand) and  i n c r e a s i n g  t h e  

d i p o l e  moment l i m i t s ,  I t  was f e l t  t h a t  t h e  s e l e c t i o n  of l 0 0 / 1  

w e i g h t i n g  r a t i o  and  l o 3  d i p o l e  l i m i t s  r e p r e s e n t s  a  good com- 

p romise  f o r  a  m a g n e t i c  c o n t r o l  d e s i g n  w i t h  a  1000  f t - l b - s e c  

f l y w h e e l  a 

c .  500 f t - l b - s e c  Wheel 

C u r r e n t  APL e x p e r i e n c e  w i t h  HEAO-A s i m u l a t i o n s  d i d  

n o t  f i n d  s a t i s f a c t o r y  p o i n t i n g  and s c a n  r a t e  c o n t r o l  u s i n g  a 

500 f t - l b - s e c  f l y w h e e l .  HEAO-A r u n  #73 ( F i g u r e  9 )  is r e p r e -  

s e n t a  t i v e  pe r fo rmance  . P o i n t i n g  e r r o r  p e a k s  were g e n e r a l l y  

c l o s e  t o  1 .0 '  and o c c a s i o n a l l y  g r e a t e r .  Scan r a t e  exceeded  

0 . 1 2  rpm, D i p o l e  moment l i m i t s  were l o 3  amp-turn-m2 and 

w e i g h t i n g  r a t i o  was l 0 0 / 1 ,  V a r i a t i o n  i n  t h e  m a g n e t i c  c o n t r o l  

a l g o r i t h m  s u c c e e d e d  i n  c o n t a i n i n g  t h e  s c a n  r a t e  t o  l e s s  t h a n  

0 , 0 9  rpm b u t  p o i n t i n g  e r r o r  p e a k s  i n c r e a s e d  t o  1 . 5 '  a s  shown 

i n  F i g u r e  1 0 ,  

I n d i c a t e d  i n  F i g u r e  9  is t h e  t o t a l  t o r q u e r  power i n  w a t t s .  

T h i s  f u n c t i o n  is b a s e d  on an assumed s p e c i f i c  d e s i g n  f o r  t h e  

t o r q u e r s  based  on e l e c t r o m a g n e t  and a i r  c o i l  d e s i g n  c o n s i d e r a -  

t i o n s  d i s c u s s e d  i n  Appendix A .  The d e s i g n  assumed f o r  HEAO-A 

c o n s i s t s  o f :  

Axis  Type Weight Power * 
I b s  w a t t s  --- 

X C o i l  17-2 10  

U E l e c t r o m a g n e t  P 9 , 2  L O  

Z C o i l  19.2 1 0  

* The power l e v e l  is  t h a t  r e q u i r e d  t o  p roduce  9 0 3  amp-turn-rn 2 

of m a g n e t i c  moment, 
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Fig. 8 HEAO WITH 1000 FT-LB-SEC WHEEL AND MAGNETIC CONTROL 
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Fig. 9 SCAN MODE CONTROL WITH 500 FT-LB-SEC WHEEL 
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Fig. 10 NEAO WITH 500 FT-LB-SEC WHEEL AND MAGNETIC CONTROL 
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Although t h e  d i p o l e  moment is p r o p o r t i o n a l  t o  t h e  t o r q u e r  

c u r r e n t  and t h e  power d i s s i p a t e d  is  p r o p o r t i o n a l  t o  c u r r e n t  

s q u a r e d ,  t h e  t o t a l  power drawn from a  c o n s t a n t  v o l t a g e  s o u r c e  

is l i n e a r l y  r e l a t e d  t o  c u r r e n t .  Thus t h e  power f u n c t i o n  pe r -  

s e n t e d  i n  t h e  performance f i g u r e s  c a n  be  e x p r e s s e d  by 

Power = (Mx+ M + MZ)/lOO. w a t t s  
Y 

where 

M a r e  d i p o l e  l e v e l s  i n  amp-turn-m2 u n i t s .  
X , Y , Z  

d .  Zero Momentum Wheel 

Numerious a t t e m p t s  were made t o  a c h i e v e  some form 

of s c a n  r a t e  and p o i n t i n g  s t a b i l i t y  u s i n g  no f l y w h e e l .  HEAO-A 

r u n  #17 ( F i g u r e  1 1 )  is perhaps  c h a r a c t e r i s t i c  of t h e s e  

a t t e m p t s .  The w e i g h t i n g  r a t i o  was 6000/ l  and no l i m i t  imposed 

on d i p o l e  moments. The t y p e  of a l g o r i t h m  used  is most c r i t i -  

c a l  f o r  a l l  magnet ic  c o n t r o l .  The type  found t o  a c h i e v e  t h e  

b e s t  c o n t r o l  f o r  o t h e r  f l y w h e e l  v a l u e s  was employed h e r e .  I n  

a d d i t i o n ,  t h e  c o n t r o l  law c o e f f i c i e n t s  which were s e n s i t i v e  

t o  s c a n  r a t e  were c o n t i n u o u s l y  e v a l u a t e d .  T h i s  p rov ided  a  

form of o p t i m a l  c o n t r o l  over  a b road  r a n g e  of s c a n  r a t e s .  I t  

is  no ted  t h a t  when a  f l y w h e e l  is u s e d ,  t h e  s e n s i t i v i t y  of 

c o n t r o l  law c o e f f i c i e n t s  t o  s c a n  r a t e  is s i g n i f i c a n t l y  re- 

duced,  

I n  t h e  HEAO-A r u n  # l 7 ,  t h e  magnet ic  c o n t r o l  a l g o r i t h m  

m a i n t a i n e d  p o i n t i n g  c o n t r o l  t o  r o u g h l y  0.8' b u t  l o s t  s c a n  r a t e  

c o n t r o l .  The s c a n  r a t e  was 0 , l 5  rpm a f t e r  20 h o u r s  s i m u l a t i o n  

and i n c r e a s i n g ,  A change i n  magne t i c  c o n t r o l  a l g o r i t h m  might 

improve s c a n  r a t e  c o n t r o l  b u t  p robab ly  a t  t h e  expense  of l o o s -  

i n g  p o i n t i n g  c o n t r o l ,  I n  summary, no s u c c e s s f u l  combinat ion  

of c o n t r o l  law c o e f f i c i e n t s  o r  c o n t r o l  a l g o r i t h m s  were found 

which p rov ided  f o r  s c a n  r a t e  and p o i n t i n g  c o n t r o l  w i t h  no 

f l y w h e e l  a s s i s t .  
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Fig. 11 HEAO WITH NO WHEEL, ALL MAGNETIC CONTROL 
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3 .  Magnetic Cont ro l  Algori thms 

The most i n t r i g i n g  a s p e c t  of the  HEAO-A problem 

was the  i n v e s t i g a t i o n  of a lgo r i t hms  t o  ach ieve  magnetic con- 

t r o l .  I t  is t h e  a lgo r i t hm which determines  t h e  d i p o l e  moment 

vec to r  t o  be genera ted  i n  an a t tempt  t o  produce the  d e s i r e d  

to rque  v e c t o r .  The a lgor i thm makes i ts  de te rmina t ion  of d i -  

po l e  moment based on the  o r i e n t a t i o n  of t h e  Local magnetic 

f i e l d ,  t he  d e s i r e d  to rque  vec to r  a s  computed from t h e  opt imal  

c o n t r o l  law, and the  a t t i t u d e  e r r o r s  and r a t e s .  I n  t h i s  

s e c t i o n  v a r i o u s  types  of magnetic c o n t r o l  a lgor i thms  a r e  d i s -  

cussed and t h e  type used t o  ach ieve  HEAO-A s t a b i l i z a t i o n  

exp la ined .  

a .  Avai lab le  Component Algorithm 

This  a lgo r i t hm,  a l though  not  found u s e f u l  

f o r  HEAO-A s t a b i l i z a t i o n ,  is p re sen ted  s i n c e  i t  is  perhaps  

t h e  most obvious .  A d i p o l e  moment $ is computed according t o  

t h e  r e l a t i o n  

where 
-+ 

Tdes = d e s i r e d  torque vec to r  

5 = e a r t h ' s  magnetic f i e l d  vector  

The d i p o l e  moment genera ted  is normal t o  2 f o r  conse rva t ion  of 

e f f o r t .  ( I t  is  noted t h a t  only  t h a t  component of 2 w h i c h  is 

normal t o  5 has  any e f f e c t  i n  producing torque .) The to rque  

produced by t h i s  d i p o l e  is 

and is seen  t o  be t h e  component of ?des which is normal t o  5 
and i n  t h e  p lane  con ta in ing  ?des and 8 .  The a lgo r i t hm,  then ,  

produces t h a t  component of t he  d e s i r e d  to rque  vec to r  which i s  

a b l e  t o  be produced a s  governed by t h e  o r i e n t a t i o n  of t he  

l o c a l  magnetic f i e l d .  

S p e c i f i c a l l y ,  the  components of t h e  to rque  vec to r  produced 

a r e :  
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In e f f e c t ,  t h e  components  of t h e  d e s i r e d  t o r q u e  vector are 

r a r e l y  p roduced ,  but a r e  a l t e r e d  b y  a  p r o p o r t i o n a t e  arnount of  
-3 

t h e  component of ?des p a r a l l e l  t o  H .  

The d i s a d v a n t a g e  of t h i s  a l g o r i t h m  i s  t h a t  t h e  t o r q u e  

g e n e r a t e d  is o v e r l y  dependen t  on t h e  o r i e n t a t i o n  of g e  Suppose 

f o r  example ,  i t  i s  e s s e n t i a l  t o  p roduce  some measure  of t h e  
--3 

p o i n t i n g  c o n t r o l  components  o f  Tdes, e l s e  p o i n t i n g  c o n t r o l  b e  

l o s t .  T h i s  a l g o r i t h m  g e n e r a l l y  w i l l  n o t  a c h i e v e  t h a t  d e s i r e d  

g o a l ,  

T h i s  l a c k  of pe r fo rmance  is i n d i c a t e d  i n  r u n  # l % 8  ( F i g u r e  

1 2 )  i n  which p o i n t i n g ,  c o n t r o l l e d  e a s i l y  by o t h e r  a l g o r i t h m s ,  

is l o s t  b e  t h e  " a v a i l a b l e  component" a l g o r i t h m ,  The p o i n t i n g  

e r r o r s  exceed  l , 4 ' .  

b e  S i n g l e  Component A lgo r i thm 

To c l a r i f y  t h e  major  d e f i c i e n c y  of t h e  " a v a i l -  

a b l e  component" a l g o r i t h m  t h e  " s i n g l e  component" a l g o r i t h m  i s  

p r e s e n t e d .  Owing t o  one  of i t s  a d v a n t a g e s ,  t h e  " s i n g l e  com- 

ponen t "  a l g o r i t h m  was u s e d  i n  c o n j u n c t i o n  w i t h  o t h e r  a l g o r i t h m s  

t o  a c h i e v e  HEAO-A s t a b i l i z a t i o n ,  

The e s s e n c e  of t h i s  a l g o r i t h m  i s  t h a t  one of  t h e  compo- 
4 

n e n t s  of  Tdes ( s a y  Tx, T y ,  o r  TZ)  is s e l e c t e d  t o  b e  t h e  most 

i m p o r t a n t  component t o  b e  p roduced  a t  any g i v e n  t i m e .  Sup- 

p o s e ,  f o r  example ,  t h a t  t h e  s c a n  r a t e  is  above  t h e  d e s i r e d  

l i m i t  w h i l e  p o i n t i n g  is u n d e r  c o n t r o l ,  Then i t  would b e  

d e s i r a b l e  t o  g e n e r a t e  a s  much of  t h e  s c a n  r a t e  component of  
4 

Tdes  a s  p o s s i b l e .  

I t  must b e  n o t e d  t h a t  t h i s  a s p e c t  of p r o d u c i n g ,  i n  f u l l  

m a g n i t u d e ,  a  p a r t i c u l a r  component of t h e  d e s i r e d  t o r q u e  v e c t o r  

c a n  b e  a c h i e v e d  by t h e  " a v a i l a b l e  component" a l g o r i t h m  by 

a m p l i f y i n g  t h e  d i p o l e  moment v e c t o r  g i v e n  i n  E q u a t i o n  ( I )  

To p roduce  t h e  i t b  component of  t h e  d e s i r e d  t o r q u e  v e c t o r  

i d e n t i c a l l y  t h e  a m p l i f i c a t i o n  f a c t o r  is: 
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Fig. 12 AVAILABLE COMPONENT ALGORITHM PERFORMANCE 
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The d f s a - d v a n t a g e  t o  t h i s  a m p l i f i c a t i o n  is t h a t  t h e  o t h e r  t w o  

components of t o r q u e  may be s i g n i f i c a n t l y  Larger than  wanted.  

A more s t r a i g h t f o r w a r d  t echn ique  of producing a s i n g l e  

component of t h e  d e s i r e d  t o r q u e  v e c t o r  is one t h a t  has  been 

used  i n  magnet ic  s p i n  r a t e  c o n t r o l  of numerous APL a t t i t u d e  

c o n t r o l  sys tem d e s i g n s ,  I f  i t  is  t h e  X-axis component of 

d e s i r e d  t o r q u e  t h a t  is t o  be produced,  a  d i p o l e  moment is 

g e n e r a t e d  i n  t h e  s a t e l l i t e  y-z p l a n e  which is  normal t o  t h e  

y-z component of t h e  l o c a l  magnet ic  f i e l d ,  F i g u r e  1 3  IBlu-  

s t r a t e s  t h e s e  v e c t o r  p r o p e r t i e s ,  The d i p o l e  moment compo- 

n e n t s  f o r  t h i s  x - a x i s  component of Tdes a r e :  

Mx = 0  

M = kHz 
Y 

MZ = -kHy 

where k = 
2  

Tx-des /(Hy + HZ2) 

S e v e r a l  d i s a d v a n t a g e s  t o  t h i s  a l g o r i t h m  a r e  t h a t  (1)  

owing t o  t h e  d i v i s i o n  by - 2  
H~ + FiZ2 ( = B ) t h e  d i p o l e  

YZ 
moment c a l l e d  f o r  may be  e x c e s s i v e  i f  H is s m a l l ,  and (2)  

YZ 
t h e  t o r q u e  components 7 and TZ produced a r e  n o t  f u n c t i o n a l l y  

Y 
r e l a t e d  t o  t h e i r  r e s p e c t i v e  d e s i r e d  t o r q u e  components,  T h i s  

" s i n g l e  component" a l g o r i t h m ,  however, has  been used  w i t h  

s u c c e s s  i n  a c h i e v i n g  HEAO-A s p i n  r a t e  c o n t r o l ,  For t o t a l  con- 

t r o l ,  i t  must be used  i n  c o n j u n c t i o n  w i t h  o t h e r  a l g o r i t h m s  

( t o  b e  d i s c u s s e d )  and used  on ly  under c e r t a i n  c o n d i t i o n s .  

Sugges ted  c o n d i t i o n s  i n c l u d e :  

( a )  when s p i n  r a t e  e r r o r  has  exceeded some deadband,  

s a y  i -0.2 rpm. 

(b) when t h e  magnet ic  f i e l d  is o r i e n t e d  nea r  t h e  space -  

c r a f t  y-z p l a n e ,  s a y  w i t h i n  3 5 ' ,  and 

( c )  on ly  when t h e  po in t i r lg  a x i s  is  w e l l  c o n t r o l l e d ,  

say b e t t e r  than  0 . 7 5 O .  



+HE JOHPIS NOPKINS UNIVERSITY 

APPLIED PHYSICS LABORATORY 
S I L V E R  SPRING M & R I L A N D  

Fig. 13 PRODUCTION OF SPIN RAPE MAGNETIC CONTROL TORQUE 



T H E  JOHNS K O P K I N S  UNIVERSITY 

APPLIED PHYSICS 1-ABORATORY 
SILVER SPRING M A R Y L A N D  

c. T w o  Component Algor -~thm 

The "two component" a l g o r ~ t h m  p r e s e n t e d  i n  t h i s  s e c -  

t i o n  h a s  been employed e x t e n s i v e l y  t o  a c h i e v e  HEAO-A p o i n t i n g  

contra%, I t  e f f e c t s  t h e  p r o d u c t i o n  ( s u b j e c t  to d i p o l e  moment 

l i m i t s )  of two components  of t h e  d e s i r e d  t o r q u e  v e c t o r ,  For 

t h e  X-axis  s c a n  mode, t h e s e  components  have  been  t h e  y and  z 

components  a s  t h e y  a r e  t h e  components ,  t h a t  gove rn  p o i n t i n g  of 

t h e  s c a n  a x i s ,  

To p roduce  t h e  d e s i r e d  t o r q u e  components ,  a  d i p o l e  moment 
- 
M is g e n e r a t e d  whose components  a r e  d e t e r m i n e d  by s i m u l t a n e o u s  

s o l u t i o n  of  t h r e e  of  t h e  f o l l o w i n g  f o u r  e q u a t i o n s  

( a )  t h e  t h r e e  component e q u a t i o n s  of 

7 

M x ' E i = 2 "  
d e s  

and ( b )  a  r e l a t i o n  i n s u r i n g  t h a t  a i s  normal  t o  H 

To p roduce  t h e  d e s i r e d  y and  z components  of  T d e s  
Eqs 2-b, 2-c and  3 a r e  s o l v e d  s i m u l t a n e o u s % y ,  To p roduce  

t h e  x and z d e s i r e d  t o r q u e  components  Eqs(2--ajj(2-c) a n d ( 3 )  a r e  

s o l v e d  s i n l u 9 t a n e o u s l y .  Slrnzlar p r o c e d u r e  is  u s e d  f o r  

generating t h e  x and y desired t o r q u e  components ,  For  

c o m p l e t e n e s s ,  t h e  s o l u t i o n s  f o r  t h e  components  of  f o r  each  

c a s e  f o l l o w :  
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L - ( H H ) - - T  ( H  + !-lZL) 
- - -  T~-des  x y y - d e s  y 

Mx 2 
Hn B 

2 > X-Z D e s i r e d  Components of Torque 
2  

- *x-des ' H x H ~ )  + T ~ - d e s  (Hy + HZ2) 
Mx 

- 

1 ,  H2 

3 )  Y-Z D e s i r e d  Components of Torque 
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Tee tor  p r o p e r t i e s  of t h e  torque produced, a s  compared to 

t h e  d e s i r e d  t o r q u e  v e c t o r  a r e  shown i n  F i g u r e  1 4 .  T h i s  

example shows t h e  p r o d u c t i o n  of  t h e  y and z components  of T d e s  
f o r  p o i n t i n g  c o n t r o l ,  A d i p o l e  moment 2 i s  g e n e r a t e d  which is 

normal  t o  2. T h i s  d i p o l e  p r o d u c e s  a  t o r q u e  5 p roduced  which 

h a s  i d e n t i c a l l y  t h e  same component i n  t h e  y-z p l a n e  a s  t h e  
4 

d e s i r e d  t o r q u e  v e c t o r ,  Tdeso 

The a d v a n t a g e  of  t h e  u s e  of t h e s e  "two component" a l g o -  

r i t h m s  i s  t h a t  e x a c t  t o r q u e  components  n e c e s s a r y  t o  m a i n t a i n  

p o i n t i n g  c o n t r o l  c a n  b e  p roduced  a l m o s t  c o n t i n u o u s l y .  The 

d i s a d v a n t a g e s  a r e  t h a t  ( a )  t h e  d i p o l e  moments c a l l e d  f o r  may 

b e  i n o r d i n a t e l y  l a r g e  depend ing  on t h e  m a g n e t i c  f i e l d  o r f e n t a -  

t i o n  and  (b )  t h e  component of t o r q u e  on t h e  t h i r d  a x i s  is  

c o m p l e t e l y  a r b i t r a r y  and  c o u l d  h i n d e r  s p i n  r a t e  c o n t r o l .  

d ,  Combina t ions  of  A lgo r i thms  

HEAO-A s t a b i l i z a t i o n  was a c h i e v e d  by  s w i t c h i n g  be- 

tween a  "two component" a l g o r i t h m  f o r  p o i n t i n g  c o n t r o l  and  a 

" s i n g l e  component" a l g o r i t h m  f o r  s c a n  r a t e  c o n t r o l .  The 

d e t a i l e d  s w i t c h i n g  l o g i c  is d i s c u s s e d  i n  t h e  s e c t i o n  on t h e  

b a s e l i n e  c o n t r o l  s y s t e m ,  T h i s  combina t ion  of  a l g o r i t h m s  p l u s  

s w i t c h i n g  l o g i c  is r e f e r r e d  t o  a s  A lgo r i thm # l  f o r  t h e  b a s e l i n e  

s y s  t e m ,  

A s e c o n d  c o m b i n a t i o n  of a l g o r i t h m s  h a s  a l s o  been  s u c c e s s -  

f u l l y  u s e d  t o  a c h i e v e  HEAO-A p o i n t i n g  and  s p i n  r a t e  c o n t r o l ,  

T h i s  combina t ion  s w i t c h e s  f rom one "two component" a l g o r i t h m  

t o  a n o t h e r  depend ing  on p o i n t i n g  and s p i n  r a t e  e r r o r s ,  The 

y-z component a l g o r i t h m  is u s e d  t o  m a i n t a i n  p o i n t i n g  c o n t r o l .  

When s p i n  r a t e  c o n t r o l  is needed  ( i , e ,  t o r q u i n g  a b o u t  t h e  

x - a x i s )  e i t h e r  t h e  x-y o r  x - z  t o r q u e  component a l g o r i t h m s  a r e  

u s e d .  I f  t h e  Y - a x i s  a c c e l e r a t i o n  demand ( i , e o  Ty-des/ ly  j  
is g r e a t e r  t h a n  t h e  Z -ax i s  a c c e l e r a t i o n  demand (T, - des/Iz ) ,  

t h e n  t h e  x-y t o r q u e  component a l g o r i t h m  is u s e d ,  Thus t h e  

desk-  ed t o r q u e  a b o u t  t h e  spin a x i s  (x) a n d  t h e  Y-axis is  pro- 

d u c e d ,  If t h e  Z-axks a c c e l l e r a t l o n  demand. is  g r e a t e r  t h a n  t h e  
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P demand ,  t h e  x-z  t o r q u e  component a l g o r i t h m  is u s e d .  T h i s  

s y s t e m  is a l s o  d i s c u s s e d  i n  t h e  b a s e l i n e  s y s t e m  d e s c r i p t i o n  

and  is  r e f e r r e d  t o  a s  A l g o r i t h m  # 2 ,  I t  is comparab le  i n  p e r -  

fo rmance  t o  A lgor i thm #l. 

I t  is c l e a r  t h a t  a d d i t i o n a l  o p t i m i z a t i o n  of  a l g o r i t h m s  

and s w i t c h i n g  l o g i c  c a n  b e  s t u d i e d .  The r e s u l t s  of  s u c h  s t u d y  

c o u l d  r e s u l t  i n  i n c r e a s e d  p o i n t i n g  and  s p i n  r a t e  p e r f o r m a n c e  

w h i l e  u s i n g  a  s m a l l e r  f l y w h e e l ,  

4 ,  E f f e c t s  due  t o  S e n s o r  Deadband 

T h i s  s e c t i o n  c o n s i d e r s  t h e  e f f e c t  of deadband i n  a t t i -  

t u d e  and  r a t e  s e n s o r s  on c o n t r o l  p e r f o r m a n c e ,  Deadband e l i m i -  

n a t e s  n o i s e  e f f e c t s  when a t t i t u d e  e r r o r s  a r e  s m a l l  a n d  a l l o w s  

t h e  s y s t e m  t o  c o n s e r v e  c o n t r o l  e f f o r t  u n l e s s  r e a l l y  n e e d e d .  

Deadband is u s e d  on t h e  a t t i t u d e  s e n s o r  o u t p u t s  a n d  comes i n t o  

e f f e c t  when computing t h e  d e s i r e d  t o r q u e  v e c t o r .  T h a t  c o n t r i -  

b u t i o n  t o  d e s i r e d  t o r q u e  due  t o  a  p a r t i c u l a r  a n g l e  o r  r a t e  ( s e e  

E q u a t i o n  on page  15 ) is s e t  t o  z e r o  i f  t h a t  a n g l e  o r  r a t e  is  

w i t h i n  t h e  deadband;  o t h e r w i s e ,  t h e  c o n t r i b u t i o n  t o  d e s i r e d  

t o r q u e  is computed n o r m a l l y .  

V a r i o u s  l e v e l s  of deadband were  i n v e s t i g a t e d  a s  w e l l  a s  

c o m b i n a t i o n s  of  a n g l e  and r a t e  deadband ,  The r e s u l t s  o f  t h a t  

i n v e s t i g a t i o n  a r e  p r e s e n t e d  h e r e .  

For  a  n o m i n a l l y  s t a b i l i z e d  c o n d i t i o n ,  t h e  e r r o r  a n g l e s  

which  measure  t h e  r i g h t  a s c e n s i o n  and  d e c l i n a t i o n  of  t h e  s u n  

i n  body c o o r d i n a t e s  v a r y  f rom z e r o  t o  a b o u t  0 ,8O.  Roughly 

t h r e e - f o u r t h s  of t h e  t i m e  t h e s e  a n g l e s  a r e  g r e a t e r  t h a n  O . l 0  

and h a l f  t h e  t ime  g r e a t e r  t h a n  0.2O.  T h i s  s u g g e s t s  t h a t  i f  

a n g l e  deadbands  much g r e a t e r  t h a n  O . 1 °  a r e  u s e d  c o n s i d e r a b l e  

a n f o r m a t i o n  n e c e s s a r y  f o r  p o i n t i n g  c o n t r o l  may be  l o s t ,  

Angular  r a t e s  a b o u t  t h e  y  and  z a x e s  v a r y  s i n u s o i d a $ % y ,  
-4  

t h e  nominal  a m p l i t u d e  b e i n g  a b o u t  3 x l 0  rpm w i t h  o c e a s -  
-3 slsnal peaks  t o  about  3x10 rpm, R o u g h l y  one-half of t h e  

-4 t i m e ,  t h e  a n g u l a r  r a t e s  exceed  1x10 r p m .  
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E f f e c t  of Deadband on Scan Mode Performance 

DeacISand R a t e  Peak  P o i n t i n g  E r r o r  Scan R a t e  E r r o r  
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A s--; i , l b - b ~  a of r ~ n s  was mde  I n  whret?  "ce  a n g l e  d e a d b a n d  

r anged  from z e r o  t o  0,2' and t h e  deadband on r a t e s  v a r r e d  

i rom z e r o  t o  2 x l 0 - ~  rpm, A l l  r u n s  i n  this s e r l e s  were  made 

f o r  t h e  w i n t e r  s o l s t i c e  s c a n  mode, S i m u l a t i o n  r e s u l t s  of 

t h a t  s t u d y  a r e  summarized i n  t h e  T a b l e  V ,  

The c o n c l u s i o n  of t h i s  s t u d y  is t h a t  a  combined deadband 

of O . 1 °  on a n g l e  and l o m 4  rpm on r a t e  c a n  b e  t o l e r a t e d  w i t h o u t  

s e v e r e l y  compromising p o i n t i n g  and  s c a n  r a t e  c o n t r o l .  I t  

r e m a i n s  t o  v e r i f y  t h e  a c c e p t a b i l i t y  of deadband f o r  a l l  

o r i e n t a t i o n s  of t h e  s c a n  a x i s .  

E .  B a s e l i n e  Magnet ic  A t t i t u d e  C o n t r o l  System-Design a n d  

Pe r fo rmance  

1, System Components 

A s  a  r e s u l t  of t h e  i n v e s t i g a t i o n s  i n t o  t h e  e f f e c t  

of whee l  momentum, c o n t r o l  law c o e f f i c i e n t s ,  d i p o l e  moment 

s i z i n g ,  m a g n e t i c  c o n t r o l  a l g o r i t h m s  and  deadband,  a  b a s e l i n e  

c o n t r o l  s y s t e m  was e s t a b l i s h e d  which  a p p e a r e d  t o  have good 

g l o b a l  p e r f o r m a n c e .  T h i s  b a s e l i n e  s y s t e m  c o n s i s t s  o f :  

a )  momentum wheel  of LOO0 f t - l b - s e c  
Z b)  m a g n e t i c  t o r q u e r s  of 1000  amp-turn-m maximum d i p o l e  

C )  a  deadband of O . 1 °  on a n g l e  s e n s o r s  and  rpm on 

r a t e  s e n s o r s ,  

d )  c o m b i n a t i o n  of one  and two component c o n t r o l  aPgo- 

r i t h m s  w i t h  s w i t c h i n g  l o g i c  c a l l e d  Algor i thm # l o  

2 .  A lgo r i thm S w i t c h i n g  L o g i c  ~- 
The a l g o r i t h m  s w i t c h i n g  l o g i c  f o r  t h e  b a s e l i n e  

s y s t e m  is shown i n  F i g u r e  15 ,  I n p u t s  t o  t h i s  m a g n e t i c  con-  

t r o l  s e c t i o n  a r e  components o f  t h e  d e s i r e d  t o r q u e  v e c t o r ,  

a t t i t u d e  e r r o r s  and  r a t e s  and nlagne t i c  f i e l d  components ,  Most 

of t h e  t i m e  t h e  y -z  component c o n t r o l  a l g o r i t h m  is u s e d  t o  

m a i n t a i n  p o i n t l n g  c o n t r o l ,  S p i n  rate c o n t r o l  zs c o n s i d e r e d  

~f the p o i n t ~ n g  error r s  less than 0,75". S p l n  rate c o n t r o l  

a c t i o n  is  t a k e n  ~f t h r e e  c o n d r t i o n s  a r e  s a t i s f r e d :  
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a )  t h e  m a g n e t i c  f i e l d  IS w l t h l n  35" of t h e  y-z p l a n e ,  

b )  t h e  t o t a l  p o i n t i n g  e r r o r  is Less t h a n  0 , 7 5 ° ,  and 

c )  t h e  e r r o r  i n  s p l n  r a t e  is  worse  t h a n  h . 0 2  rpm. 

I f  s c a n  r a t e  c o n t r o l  is s e l e c t e d  A l g o r i t h m  # I  u s e s  t h e  s i n g l e  
4 

t o r q u e  component t e c h n i q u e .  I t  g e n e r a t e s  Tx - des and a r b i t r a r y  

y  and  z components ,  I f  A lgo r i thm #2 is u s e d  and  s c a n  r a t e  

c o n t r o l  i s  needed  a  s e c o n d  s e l e c t i o n  of two component c o n t r o l  

modes is made, e i t h e r  one of which g e n e r a t e s  ?x-des. 

3 ,  B a s e l i n e  System Pe r fo rmance  

Pe r fo rmance  of t h e  b a s e l i n e  s c a n  mode c o n t r o l  

s y s t e m  was e v a l u a t e d  f o r  a  wide  v a r i e t y  of c o n d i t i o n s  and  

o r i e n t a t i o n  o f  t h e  s c a n  a x i s ,  E v a l u a t i o n s  were made f o r  s o l a r  

p o i n t i n g  a t  v a r i o u s  t i m e s  of t h e  y e a r ,  g a l a c t i c  p o l e  p o i n t i n g ,  

w o r s t  c a s e  d e c l i n a t i o n  p o i n t i n g  and  c a p t u r e  f o r  l a r g e  i n i t i a l  

e r r o r s ,  R e s u l t s  a r e  p r e s e n t e d  h e r e .  

a .  S o l a r  Scan W i n t e r - S o l s t i c e  

B a s e l i n e  pe r fo rmance  f o r  s u n  p o i n t i n g  a t  t h e  

w i n t e r  s o l s t i c e  i s  shown i n  r u n  #80 ( F i g u r e  l 6 ) ,  For  t h i s  

c o n d i t i o n  t h e  s c a n  a x i s  h a s  a  d e c l i n a t i o n  of -23' 2 7 '  and i s  

i n c l i n e d  t o  t h e  o r b i t  p l a n e  a b o u t  5 2 ' .  Peak  p o i n t i n g  e r r o r s  

a r e  on t h e  o r d e r  o f  0 .9 '  and  s c a n  r a t e  e r r o r s  a b o u t  0 , 0 4  rpm, 

b  , S o l a r  Scan-Vernal  Equinox  

A r u n  u s i n g  b a s e l i n e  c o n d i t i o n s  was made f o r  

t h e  s c a n  mode w i t h  t h e  s u n  a t  v e r n a l  e q u i n o x  ( r u n  #90, F i g u r e  

1 7 )  and  t h e  o r b i t  node a t  180' r i g h t  a s c e n s i o n ,  These  c o n d i -  

t i o n s  p l a c e  t h e  s c a n  a x i s  i n  t h e  o r b i t  p l a n e ,  A t  s e lec t  t i m e s  

d u r i n g  e a c h  o r b i t ,  maximum g r a v i t y - g r a d i e n t  t o r q u e s  e x i s t  

which t e n d  t o  p r e c e s s  t h e  s p i n  a x i s  f rom t h e  s o l a r  v e c t o r ,  A t  

o t h e r  t i m e s  d u r i n g  t h e  o r b i t ,  t h e s e  t o r q u e s  c a u s e  m o d u l a t i o n  

of s a t e l l n t e  s p i n  r a t e ,  R e s u l t s  of  r u n  #90 i n d i c a t e  one b r i e f  

per iod  of  s e v e r a l  m i n u t e s  d u r a t i o n  i n  w h i c h  t h e  p o i n t i n g  e r r o r  

exceeded  1 , 0 " ,  Otherwise peak  p o i n t i n g  errors were  on the  

o r d e r  of 0 , 9 ' ,  Peak  s c a n  r a t e  e r r o r s  were  0 .025  rpm, 
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Fig. 16 SCAN MODE, SOLAR POINTING OF WINTER SOLSTICE 
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c ,  G a l a c t i c  P o l e  P o i n t i a g  

C o o r d i n a t e s  f o r  t h e  n o r t h  g a l a c t i c  po le  a r e  

r o u g h l y  L9Z0 right a s c e n s i o n ,  +2g0 d e c l i n a t i o n ,  While  

p o i n t i n g  t h e  s c a n  a x i s  a t  t h i s  p o l e  i n  a  24 hour s i m u l a t i o n  

( r u n  # 8 2 ) ,  peak  p o i n t i n g  e r r o r s  e x p e r i e n c e d  were c l o s e  t o  0 .9 '  

a n d  peak  s c a n  r a t e  e r r o r s ,  0 . 0 2  rpm, Pe r fo rmance  is shown i n  

F i g u r e  18. 

A s e c o n d  r u n  was made i n  which  t h e  o r b i t  node was 0 " .  

R e s u l t s  of t h a t  r u n  ( r u n  #83, F i g u r e  1 9 )  i n d i c a t e  p o i n t i n g  

e r r o r s  a s  g r e a t  a s  1 , 4 ' .  The p o i n t i n g  e r r o r  is be low 1 , 0 °  

r o u g h l y  90% of t h e  t i m e ,  The peak  s c a n  r a t e  v a r i a t i o n  was 

0 , 0 2  rpm. 

d o  Worst Case  D e c l i n a t i o n  

A w o r s t  c a s e  d e c l i n a t i o n  was c o n s i d e r e d  t o  

examine pe r fo rmance  when t h e  s c a n  a x i s  is  more n e a r l y  a l i g n e d  

w i t h  t h e  a v e r a g e  m a g n e t i c  f i e l d  v e c t o r ,  T h i s  would o c c u r  f o r  

t h e  s c a n  a x i s  a t  s t e e p e s t  d e c l i n a t i o n .  For t h i s  s i m u l a t i o n  

t h e  s c a n  a x i s  p o i n t i n g  c o o r d i n a t e s  were 270' r i g h t  a s c e n s i o n  

-60" d e c l i n a t i o n .  

I n  HEAO-A r u n  #21 ( F i g u r e  20)  t h e  o r b i t  node was 180' 

r i g h t  a s c e n s i o n ,  t h u s  t h e  s c a n  a x i s  was a l m o s t  normal  t o  t h e  

o r b i t  p l a n e .  For  t h i s  c o n d i t i o n  g r a v i t y - g r a d i e n t  t o r q u e s  t e n d  

t o  modu la t e  t h e  s p i n  r a t e .  Over a  24 hour  s i m u l a t i o n  peak  

p o i n t i n g  e r r o r s  of  a b o u t  0 .05 '  were e x p e r i e n c e d  a l o n g  w i t h  

s c a n  r a t e  e r r o r s  less  t h a n  0 , O l  rpm. 

e .  La rge  Angle Maneuvers and  Scan R a t e  C a p t u r e  

I n  a d d i t i o n  t o  m a i n t a i n i n g  s c a n  a x i s  p o i n t i n g  

and s c a n  r a t e  c o n t r o l ,  HEAO-A must  be  c a p a b l e  of maneuverfng 

from one s o u r c e  t o  a n o t h e r  and  b e  c a p a b l e  of  a c h i e v i n g  s t a b i -  

l i z a t i o n  w i t h  l a r g e  i n i t i a l  e r r o r s  on a t t i t u d e  and  r a t e ,  

Two l a r g e  a n g l e  maneuver c a s e s  were  r u n  i n  which  t h e  

d e s i r e d  s c a n  a x i s  p o i n t i n g  d i r e c t i o n  was t h e  s u n  a t  w i n t e r  

s o l s t i c e ,  I n  one r u n  t h e r e  was a 45' e r r o r  i n  a z i m u t h  ( i n  

ecliptre c o o r d i n a t e s ) ,  i n  the o t h e r  a 45' error nn d e c l i n a -  

t i o n ,  B o t h  r u n s  employed t h e  b a s e l i n e  c o n t r o l  s y s t e m ,  The 

i n i t i a l  a n g u l a r  r a t e  was O , O 5  rpm, 
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Fig. 18 GALACTIC SCAM (RAN - 180") 



T H E  JOHN5 WOPKINS UNIVERSITY 

APPLIED PHYSICS LABORATORY 
SILVER SPRING M A R Y L A N D  

CONTROL LAW #14, ALGORITHM #1, WITH DEADBAND 
1000 PT-6B-SEC WHEEL 

HEAO-A RUN #e3 

TOTAL 
POINTING 

ERROR 
(DEG) 

YAW 
ANGLE 
(DEG) 

Mz 2 
(AMP-T-M ) 

TORQUER 
POWER 
(WATTS) 

Fig. 19 GALACTIC SCAN, WORST CASE (RAN = 0 i 
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Tbz 45" elevation lnzanltever is shown in F r g v r e  21 (case 

# 3 0 ) ,  The maneuver was comple ted  w i t h i n  10 hours During  

t h i s  t i m e ,  v a r a a t a o n s  an s c a n  r a t e  and  a z i m u t h  e r r o r  were  

small-  0 , 0 3  rpm and 3' i n  a z i m u t h ,  r e s p e c t i v e l y ,  

Pe r fo rmance  of  t h e  b a s e l i n e  s y s t e m  f o r  a  45' maneuver i n  

az imuth  was a l m o s t  i d e n t i c a l  t o  t h a t  f o r  t h e  45' e l e v a t i o n  

maneuver ,  The b a s e l i n e  s y s t e m  c o n t r o l  law c o e f f i c i e n t s  

d e r i v e d  from l i n e a r  o p t i m a l  c o n t r o l  a n a l y s i s  a p p e a r  q u i t e  

a d e q u a t e  f o r  h a n d l i n g  l a r g e  a n g l e  c o n d i t i o n s .  

C a p t u r e  f rom an  i n i t i a l  s c a n  r a t e  of 0 0 1 5  rpm is shown 

i n  F i g u r e  2 2 0  The b a s e l i n e  s y s t e m  m a i n t a i n s  p o i n t i n g  c o n t r o l  

f o r  s m a l l  i n i t i a l  p o i n t i n g  e r r o r s  w h i l e  t h e  s c a n  r a t e  is 

g r a d u a l l y  d e c r e a s e d  t o  0 , 0 5  rpm, Approximate ly  24 h o u r s  a r e  

r e q u i r e d  f o r  t h e  s c a n  r a t e  t o  r e d u c e  from 0 ,15  rpm t o  0 - 0 5  

rpm, T h i s  o p e r a t i o n  c o u l d  b e  e x p e d i t e d  by c h a n g i n g  t h e  a l g o -  

r i t h m  s w i t c h i n g  l o g i c  s o  t h a t  s c a n  r a t e  c o n t r o l  a c t i o n  o c c u r s  

more f r e q u e n t l y ,  

S e v e r a l  a t t e m p t s  were  made t o  a c h i e v e  c a p t u r e  w i t h  b o t h  

l a r g e  e r r o r s  i n  a t t i t u d e  and  s c a n  r a t e .  Us ing  t h e  b a s e l i n e  

a l g o r i t h m  s w i t c h i n g  l o g i c  t h e  s p a c e c r a f t  c o u l d  n o t  c a p t u r e .  

The problem a p p e a r e d  t o  b e  r e l a t e d  t o  t h e  f a c t  t h a t  b a s e l i n e  

p o i n t i n g  c o n t r o l  c o e f f i c i e n t s  a r e  o p t i m a l  f o r  a  s c a n  r a t e  of 

0 , 0 5  rpm and  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f o r  much h i g h e r  

s c a n  r a t e s ,  By c h a n g i n g  t h e  s w i t c h i n g  l o g i c  s l i g h t l y ,  however ,  

c a p t u r e  f rom l a r g e  a n g l e  and  s c a n  r a t e  e r r o r s  c a n  b e  a c h i e v e d ,  

Such c a p t u r e  is d e m o n s t r a t e d  i n  HEAO-A r u n  #95 ( F i g u r e  2 3 ) ,  

T h i s  is  a  s i m u l a t i o n  of s c a n  mode a c q u i s i t i o n  f rom 30' az imu th  

e r r o r ,  30° e l e v a t i o n  e r r o r  and an  i n i t i a l  s c a n  r a t e  of 0 , 3 0  

rpm, The t e c h n i q u e  u s e d  which e f f e c t e d  c a p t u r e  was t o  a l t e r  

t h e  s w i t c h i n g  l o g i c  s o  t h a t  o n l y  s p i n  r a t e  c o n t r o l  would be  

u s e d  u n t i l  t h e  s p i n  r a t e  was r e d u c e d  below 0 , l O  rpm. When 

t h a t  r a t e  was r e a l a z e d ,  s w i t c h i n g  logic was changed  t o  base -  

line values and subsequent capt~rre i n  at t i  t u d e  and r a t e  pro- 

ceeded norma B l y 
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Fig. 23 CAPTURE FROM EXTREME INITIAL CONDITIONS 
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E .  s E ~ n g  Mode 

P o  --- I n t r o d u c t i o n  t o  Problem of P o i n t i n g  Mode 

Pe r fo rmance  

The HEAO-A p o i n t i n g  mode is a  problem 

i n v o l v i n g  3 - a x i s  a t t i t u d e  s t a b i l i z a t i o n  w i t h  t i g h t .  c o n t r o l  of  

r o t a t i o n s  ( i . e ,  b e t t e r  t h a n  l o )  m a i n t a i n e d  a b o u t  two a x e s  and  

somewhat l o o s e r  c o n t r o l  a b o u t  t h e  t h i r d  ('37' t o  s o l a r  v e c t o r ) ,  

Based on t h e  p e r f o r m a n c e  o b t a i n e d  w i t h  t h e  s c a n  mode i t  would  

a p p e a r  t h a t  p o i n t i n g  mode s t a b i l i z a t i o n  c o u l d  b e  a c h i e v e d  i f  a  

momentum wheel  were i n c l u d e d  which  had i t s  a n g u l a r  momentum 

a l i g n e d  w i t h  t h e  e x p e r i m e n t  a x i s  t o  b e  c o n t r o l l e d .  For a  gen- 

e r a l  m i s s i o n  i n v o l v i n g  s c a n  modes p l u s  s e v e r a l  e x p e r i m e n t  

p o i n t i n g  modes t h i s  t e c h n i q u e  would c a l l  f o r  t h r e e  w h e e l s  and  

would r e q u i r e  c o n s i d e r a b l e  s p a c e  and w e i g h t ,  

The problem of p o i n t i n g  t h e  Y o r  Z a x i s  t o  w i t h i n  k 0  of 

a  s p e c i f i c  c e l e s t i a l  s o u r c e  is c o n s i d e r a b l y  more demanding 

when t h e  c o n t r o l  s y s t e m  is  l i m i t e d  t o  t h e  u s e  of  a  s i n g l e  

whee l  whose momentum v e c t o r  is a l i g n e d  w i t h  t h e  s p a c e c r a f t  

X a x i s .  At tempted  h e r e  is t h e  s o l u t i o n  f o r  p o i n t i n g  mode 

c o n t r o l  i n  which  t h e  s p a c e c r a f t  u s e s  a  s i n g l e  w h e e l ,  a l i g n e d  

w i t h  t h e  X a x i s ,  f o r  b o t h  s c a n  and  p o i n t i n g  modes. 

2 ,  F i x e d  Speed Wheel 

A s e t  of r u n s  was made u s i n g  a  whee l  of 

c o n s t a n t  a n g u l a r  momentum, Magnet ic  c o n t r o l  a l g o r i t h m s  and 

c o n t r o l  law c o e f f i c i e n t s  were v a r i e d  i n  t h i s  se t  of r u n s  t o  

a c h i e v e  p o i n t i n g ,  HEAO-A r u n s  #74,  #75,  and  #76 i n  F i g u r e  24 

i n d i c a t e  pe r fo rmance  f o r  t h e  Y p o i n t i n g  mode, S i m i l a r  p e r f o r -  

mance ( n o t  p r e s e n t e d  h e r e )  was o b t a i n e d  f o r  t h e  Z p o i n t i n g  

mode. G e n e r a l l y  i t  is  o b s e r v e d  t h a t  t h e  s p a c e c r a f t  e x h i b i t s  

poor  p o i n t i n g  c o n t r o l  due t o  l a r g e  a n g u l a r  m o t i o n s  a b o u t  t h e  

momentum wheel  a x i s ,  These  l a r g e  r o t a t i o n s  a p p e a r  whenever 

t h e  m a g n e t i c  c o n t r o l  a l g o r i t h m  r e l a x e s  on g e n e r a t i o n  of  t h e  

desired X a x l s  t o r q u e ,  Sznee there  1s no g y r o s e o p a e  s t i f f n e s s  

a b o u t  the wheel axis gravatg-gradient torques e f f e c t  angular  

a c c e l e r a t i o n s  and  t h e  b u i l d u p  of l a r g e  a n g l e s  of r o t a t i o n ,  
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I t  mus t  be  n o t e d  t h a t  x C  IS n ~ t  p o s s i b l e  t o  g e n e r a t e  t h e  

d e s i r e d  X a x a s  t o r q u e  a t  a11 times due t o  ( a )  t h e  p o s i t i o n  of 

t h e  magnet ic  f i e l d  ( b )  l i m i t s  on d i p o l e  moments and  ( c )  com- 

promises  i n  t h e  a l g o r i t h m  n e c e s s a r y  t o  c o n t r o l  f o r  r o t a t i o n s  

about  t h e  o t h e r  two s p a c e c r a f t  a x e s .  

3 ,  V a r i a b l e  Speed Wheel - Y P o i n t i n g  Mode 

For t h e  p o i n t i n g  mode t h e n ,  i t  a p p e a r s  t h a t  

we need t o  g e n e r a t e  v e r y  c l o s e  t o  t h e  d e s i r e d  t o r q u e  v a l u e  

a long  each  s p a c e c r a f t  a x i s  a t  a l l  t i m e s ,  T h i s  can  be  done by 

u s i n g  t h e  magnet ic  c o n t r o l  sys tem t o  g e n e r a t e  t h e  c o r r e c t  

t o r q u e  about  t h e  Y and Z a x e s  and g e n e r a t i n g  t h e  X a x i s  t o r q u e  

by means of t h e  wheel motor ,  T h i s  produces  modula t ion  of wheel 

s p e e d ,  Run #79 ( F i g u r e  25) is an example of Y a x i s  p o i n t i n g  

c o n t r o l  through wheel speed  modu%at ion ,  Over a  24 hour p e r i o d  

t h e  t o t a l  y a x i s  p o i n t i n g  e r r o r  is  l e s s  than  0,5 '  and r o t a t i o n  

about  t h e  Y a x i s  is c o n t r o l l e d  t o  b e t t e r  than  3'- 

Simula t ion  performance  is based on t h e  motor t o r q u i n g  

c h a r a c t e r i s t i c s  of an i n d u c t i o n  motor .  T h i s  means t h a t  t h e  

X a x i s  t o r q u e  v a l u e  was e s t a b l i s h e d  by t h a t  t o r q u e  which c o u l d  

be  d e l i v e r e d  by t h e  motor a s  a f u n c t i o n  of i t s  s p e e d ,  r a t h e r  

than  t h e  e x a c t  t o r q u e  v a l u e  d e s i r e d .  The motor t o r q u e  charac -  

t e r i s t i c s  assumed a r e  g i v e n  i n  F i g u r e  26 and a r e  based on 

motor d a t a  p rov ided  i n  Refe rence  6, The a c t u a l  a l g o r i t h m  used  

f o r  t h e  wheel modula t ion  s o l u t i o n  c o n s i s t e d  o f :  

( a )  g e n e r a t i n g  t h e  d i p o l e  moments n e c e s s a r y  t o  produce 

nea r  d e s i r e d  v a l u e s  of t o r q u e  f o r  t h e  Y and Z a x e s ,  
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(b) Computing the m a g m e t l c  torque which would be pro- 
-4 + 

dueed by these  dipole moments, i,e, '? = M x B , 
( c )  comput ing  X-axis  t o r q u e  d i f f e r e n c e  of  Tx(desired) - 

Tx (p roduced)  , 
(d )  g e n e r a t i n g  t h i s  t o r q u e  d i f f e r e n c e  by t h e  momentum 

wheel  motor  ( s u b j e c t  t o  i n h e r e n t  motor d e s i g n  c h a r a c t e r i s t i c s )  

T h i s  a l g o r i t h m  p r o d u c e s  e x c e l l e n t  Y-axis p o i n t i n g  o v e r  a  24 

hour  p e r i o d ,  a s  shown i n  F i g u r e  2 5 ,  For  t h i s  r u n  t h e  Y-axis 

was i n  t h e  o r b i t  p l a n e ,  p o i n t e d  a t  0' RA 0' DE w i t h  t h e  s u n  a t  

w i n t e r  s o l s t i c e ,  

The most demanding c o n d i t i o n s  f o r  Y-axis p o i n t i n g  o c c u r  

when t h e  Y-axis i s  45O t o  t h e  o r b i t  p l a n e  a s  t h e  s p a c e c r a f t  

e x p e r i e n c e s  maximum g r a v i t  y - g r a d i e n t  t o r q u e s  . I f  t h e  Z - a x i s  

a l s o  happens  t o  be  i n  t h e  o r b i t  p l a n e  t h e n  an a v e r a g e  g r a v i t y -  

g r a d i e n t  t o r q u e  e x i s t s  a b o u t  t h e  X-axis which  t e n d s  t o  monotoni-  

c a l l y  i n c r e a s e  o r  d e c r e a s e  t h e  whee l  momentum. When t h e  whee l  

momentum r e a c h e s  i t s  l i m i t  f u r t h e r  m o d u l a t i o n  i s  impossib9.e  and  

p o i n t i n g  c o n t r o l  is  l o s t ,  T h i s  e f f e c t  was s i m u l a t e d  i n  a  r u n  

where t h e  Y-axis was 28 ,5 '  o u t  of t h e  o r b i t  p l a n e  and  t h e  

X-axis p o i n t e d  a t  t h e  s u n  a t  v e r n a l  e q u i n o x ,  An i n i t i a l  whee l  

momentum of  1000  f t - l b - s e c  was u s e d  w i t h  an assumed m o d u l a t i o n  

l i m i t  of  5500  f t - l b - s e c ,  A f t e r  8 s i m u l a t i o n  h o u r s  s a t u r a t i o n  

o c c u r r e d  and  p o i n t i n g  c o n t r o l  was l o s t ,  I n  a  s u b s e q u e n t  r u n  

t h e  m o d u l a t i o n  l i m i t  was s e t  a t  ~ 7 5 0  f t - l b - s e c  w i t h  a  s t a r t i n g  

v a l u e  of 1000  f t - l b - s e c o  H e r e ,  p o i n t i n g  c o n t r o l  was l o s t  

a f t e r  L O  h o u r s ,  n o t  b e c a u s e  of s a t u r a t i o n  b u t  b e c a u s e  t h e  - 
wheel  momentum had r e d u c e d  t o  a  l e v e l  (-350 f t - l b - s e c )  where  

i t  was no  l o n g e r  e f f e c t i v e ,  

The problem of whee l  s a t u r a t i o n  was r e d u c e d  t o  a  l a r g e  

e x t e n t  by r e d e s i g n i n g  t h e  m a g n e t i c  c o n t r o l  a l g o r i t h m  s u c h  

t h a t  X a x i s  t o r q u e  was g e n e r a t e d  by t h e  m a g n e t i c  s y s t e m  more 

often than by wheel modulat,ion, Eniploying this modification 

to the algorithm, Y axis pointing performance comparable to 

Run #79 (Figure 25) was obtained, I n  this test case the sun 

was a t  v e r n a l  e q u l n o x  and  t h e  U a x i s  p o i n t e d  9 0 ° ~ A ,  B~,~'DE 
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( k , e ,  45O t o  o r b i t  p l a n e )  T h i s  represents a worst c a s e  

g r a v i t y - g r a d i e n t  d j s t u r b a n c e  c o n d i t i o n ,  P o i n t i n g  c o n t r o l  was 

maintained t o  b e t t e r  t h a n  0,3'  and  r o t a t i o n  c o n t r o l  t o  b e t t e r  

t h a n  3' .  A c o n s i d e r a b l e  s a v i n g s  i n  power was a l s o  r e a l i z e d .  

Fo r  t h e  whee l  a n d  m a g n e t i c  t o r q u e r  d e s i g n  assumed,  a b o u t  100  

w a t t s  a v e r a g e  power is r e q u i r e d  w i t h  t h e  m o d i f i e d  a l g o r i t h m  

a s  compared t o  a b o u t  190  w a t t s  a v e r a g e  f o r  c o n t i n u o u s  whee l  

m o d u l a t i o n ,  The wheel  s p e e d  s t i l l  changed  m o n o t o n i c a l l y  b u t  

a t  a  much r e d u c e d  r a t e .  P o i n t i n g  c o n t r o l  c o u l d  b e  m a i n t a i n e d  

f o r  two d a y s  b e f o r e  whee l  d e s a t u r a t i o n  would b e  r e q u i r e d .  

I t  is p o s s i b l e  t o  f u r t h e r  r e d u c e  t h e  t endency  t o  s a t u r a t e  

t h e  whee l  by r e q u i r i n g  t h e  m a g n e t i c  s y s t e m  t o  a l s o  p a r t i a l l y  

compensa te  f o r  t h e  known a v e r a g e  g r a v i t y - g r a d i e n t  t o r q u e .  

T h i s  was done by  a d d i n g  a  g r a v i t y - g r a d i e n t  b i a s  t o r q u e  t o  t h e  

d e s i r e d  t o r q u e  v e c t o r .  Normally  t h e  d e s i r e d  t o r q u e  is  a  func -  

t i o n  of  t h e  a t t i t u d e  e r r o r s  and r a t e s .  The e f f e c t  of b o t h  

m o d i f i c a t i o n s  ( change  i n  a l g o r i t h m  p l u s  b i a s  t o r q u e )  is shown 

i n  r u n  #112 ( F i g u r e  2 7 ) .  T h i s  r u n  a l s o  s i m u l a t e d  w o r s t  c a s e  

g r a v i t y - g r a d i e n t  t o r q u e s .  Two i m p o r t a n t  e f f e c t s  were n o t e d :  

( a )  momentum change  i n  t h e  whee l  was r e d u c e d  t o  290 f t -  

I b - s e c  o v e r  a  24 hour  p e r i o d  a s  compared t o  340 f t - l b - s e c  

w i t h o u t  t h e  b i a s ,  and  

( b )  t h e  r o l l  a n g l e  was b i a s e d  0 , 5 '  by t h e  b i a s  t o r q u e .  

(The b i a s  t o r q u e  was 0 , l  n-m a s  compared t o  3 . 4  n-m f o r  t h e  a 

a v e r a g e  g r a v i t y - g r a d i e n t  t o r q u e . )  I t  was f o u n d  t h a t  d o u b l i n g  

t h e  b i a s  t o r q u e  d o u b l e d  t h e  e r r o r  b i a s .  

The c o n c l u s i o n  of t h e  Y-ax i s  p o i n t i n g  s t u d y  is t h a t  

b e t t e r  t h a n  I' p o i n t i n g  and c o n t r o l  of r o t a t i o n  a b o u t  t h e  

Y-ax i s  t o  b e t t e r  t h a n  5' c a n  b e  m a i n t a i n e d .  T h i s  pe r fo rmance  

can  o n l y  b e  a c h i e v e d  however i f  whee l  s p e e d  m o d u l a t i o n  i s  u s e d  

t o  augment t h e  m a g n e t i c  t o r q u i n g  s y s t e m .  The d e s i r e d  Y-ax i s  

p o i n t i n g  c a n  b e  m a i n t a i n e d  under  w o r s t  g r a v i t y - g r a d i e n t  

d i s t u r b a n c e  c o n d i t i o n s  f o r  two d a y s  b e f o r e  i t  is required t o  

d e s a t u r a l e  t h e  wheel, The a t t i t u d e  control .  design c o n d i t i o n s  

f o r  Y-ax i s  p o i n t i n g  i n c l u d e d :  
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( a )  rr,$ncr change  i n  t h e  m a g n e t i c  ecu?trc?l a l g o r i t h a n ,  

(b)  a  nominal  whee l  momentum of 1000 f t - % b - s e e ,  

( c )  m o d u l a t i o n  of t h e  whee l  momentum t o  +700 f t - l b - s e c  

l i m i  ts, and  
3 (d )  1 0  amp-turn-m2 d i p o l e  moment l i m i t s .  

4 ,  V a r i a b l e  Speed Wheel - Z P o i n t i n g  Mode 

Using  Y-axis  p o i n t i n g  c o n t r o l  s y s  tem p e r -  

formance a s  a  g u i d e  HEAO-A Z - a x i s  p o i n t i n g  c a p a b i l i t y  was 

i n v e s t i g a t e d .  For  Z -ax i s  p o i n t i n g  i t  is  r e q u i r e d  t o  p o i n t  t h e  

s p a c e c r a f t  Z -ax i s  t o  a  s p e c i f i c  s o u r c e  t o  w i t h i n  lo and t o  con- 

t r o l  t h e  r o t a t i o n  a b o u t  t h e  Z -ax i s  s u c h  t h a t  t h e  X-ax i s  p o i n t s  

w i t h i n  37' of t h e  s o l a r  v e c t o r ,  For  Z -ax i s  p o i n t i n g  t i g h t  

c o n t r o l  must b e  m a i n t a i n e d  f o r  r o t a t i o n s  a b o u t  t h e  s p a c e c r a f t  

X and  Y-axes and  somewhat l o o s e r  c o n t r o l  f o r  r o t a t i o n s  abou t  

t h e  Z - a x i s ,  Based  on e x p e r i e n c e  w i t h  t h e  s c a n n i n g  mode and 

Y-ax i s  p o i n t i n g  mode, i t  c a n  be  s a i d  t h a t  t i g h t  c o n t r o l  of  

mo t ion  a b o u t  t h e  Y-ax i s  r e q u i r e s  a  momentum wheel  and  t i g h t  

c o n t r o l  of mo t ion  a b o u t  t h e  X-axis  r e q u i r e s  some d e g r e e  of 

whee l  s p e e d  m o d u l a t i o n ,  (A r u n  w i t h  no  m o d u l a t i o n  f o r  t h e  Z- 

a x i s  c a s e  i n d i c a t e d  l a r g e  r o t a t i o n s  a b o u t  t h e  X - a x i s ) .  

S e v e r a l  r u n s  were  made w i t h  whee l  s p e e d  m o d u l a t i o n  f o r  

t h e  Z -ax i s  p o i n t i n g  mode, V a r i a b l e s  i n  t h e s e  r u n s  were d i p o l e  

moment l i m i t s ,  c o n t r o l  law c o e f f i c i e n t s  and  p a r a m e t e r s  w i t h i n  

t h e  m a g n e t i c  c o n t r o l  a l g o r i t h m .  A summary of  t h e  e f f o r t  is  

c h a r a c t e r i z e d  by r u n  # I14  ( F i g u r e  2 8 ) .  The t o t a l  p o i n t i n g  

e r r o r  was c o n t r o l l e d  t o  w i t h i n  2.5' and  r o t a t i o n s  a b o u t  t h e  

Z -ax i s  c o n t r o l l e d  w i t h i n  2'. I n  e s s e n c e ,  t h e  same a t t i t u d e  

b e h a v i o r  e v i d e n t  f o r  Y-axis  p o i n t i n g  was o b s e r v e d  f o r  t h e  Z- 

a x i s  c a s e ,  t h a t  i s ,  r e l a t i v e l y  t i g h t  c o n t r o l  was m a i n t a i n e d  

f o r  m o t i o n s  a b o u t  t h e  s p a c e c r a f t  X and  Z-axes and  l o o s e r  con- 

t r o l  f o r  mot ion  a b o u t  t h e  Y - a x i s ,  Run # P I 4  r e p r e s e n t s  a  min i -  

m u m  g r a v i t y - g r a d i e n t  d i s t u r b a n c e  c o n d i t i o n  w h e r e i n  t h e  Y-ax i s  

was i n  t h e  o r b i t p l a n e ,  The algorithm usec" ; igenera ted  t h e  

d e s i r e d  t o r q u e  v e c t o r  a b o u t  t h e  U and  Z-axes m a g n e t i c a l l y  

( s u b j e c t  t o  d i p o l e  moment l i m i t s )  a  nd g e n e r a t e d  t h e  X-ax i s  

t o r q u e  component v i a  whee l  s p e e d  m o d u l a t i o n ,  I n  a l l  c a s e s  

- 6 2  - 



+HE JOHNS HOPKlNS UNIVERSITY 

APPLIED PHYSICS LABORATORY 
SlLVER SPRING M A R Y L A N D  

POINT AT RA=90°, BE = 61.9' 
CONTROL LAW #27 ALGORITHM #2 

RUN #I14 

-- - -- - - - 

TOTAL 

MOTOR 100 

Fig. 28 Z POlN rlNG MODE Vili lH W H E E L  MODULATION 



T H E  JOHNS HOPKINS UNIVERSITY 

APPLIED PHYSICS LABORATORY 
SILVER SPRING MARYLAND 

inves"clgted, before termination of the study, Z-axis pointing 

was controlled do only within 2 . 5 ° 0  Approximately 50% o f  the 

time z-axis pointing could be maintained to within l o ,  

Al though t h e  Z-axis  p o i n t i n g  r e q u i r e m e n t s  were  n o t  f u l l y  

d e m o n s t r a t e d  h e r e  t h e  pe r fo rmance  was c l o s e  enough t o  e s t i m a t e  

t h a t  r e e v a l u a t i o n  of t h e  c o n t r o l  a l g o r i t h m  c o u l d  e f f e c t  a  

s o l u t i o n  f o r  Z a x i s  p o i n t i n g .  
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IV . GONCLUSlONS 

T h e  HEAO r e q u i r e m e n t  s f  X d e g r e e  a c c u r a c y  i s  d i f f i c u x t  

f o r  a  m a g n e t i c  c o n t r o l  s y s t e m  b e c a u s e  of t h e  f u n d a m e n t a l  

p h y s i c a l  l i m i t a t i o n  of t o r q u i n g  a g a i n s t  t h e  e a r t h ' s  f i e l d ,  

namely t h a t  no  t o r q u e  component p a r a x l e l  t o  t h e  f i e l d  c a n  b e  

p roduced  a t  any g i v e n  i n s t a n t  of  t i m e .  However, a s  t h e  

s a t e l l i t e  p r o c e e d s  i n  o r b i t  i t  p a s s e s  o v e r  d i f f e r e n t  p o r t i o n s  

of  t h e  e a r t h ' s  s u r f a c e ,  and t h e  l o c a l  m a g n e t i c  f i e l d  c h a n g e s  

i n  o r i e n t a t i o n ,  T h e r e f o r e  c o n t r o l  a c t i o n  c a n  b e  d e l a y e d  u n t i l  

t h e  m a g n e t i c  f i e l d  o r i e n t a t i o n  is more f a v o r a b l e ,  o r  a  more 

s o p h i s t i c a t e d  c o n t r o l  s y s t e m  c o n c e i v e d  t o  make t h e  b e s t  of 

e x i s t i n g  c o n d i t i o n s .  

The APL s t u d y  h a s  f o c u s e d  on t h e  problem of c o n t r o l  l aw  

s y n t h e s i s ,  m a g n e t i c  t o r q u e r  a l g o r i t h m  d e s i g n ,  and h a s  examined 

t h e  t r a d e - o f f s  i n  p o i n t i n g  and  s c a n  r a t e  pe r fo rmance  a s s o c i a t e d  

w i t h  c o n t r o l  s y s t e m  d e s i g n ,  whee l  momentum and m a g n e t i c  t o r q u e r  

l i m i t s .  

C o n t r o l  law s y n t h e s i s  u s e s  t e c h n i q u e s  of o p t i m a l  c o n t r o l  

t h e o r y  which  l e a d s  t o  l i n e a r  c o n t r o l  l aws  w i t h  s p e c i f i c  v a l u e s  

f o r  t h e  c o n t r o l  law c o n s t a n t s  which  min imize  some measure  of  

t h e  s q u a r e s  of t h e  e r r o r  a n g l e s  and s q u a r e s  of t h e  c o n t r o l  

t o r q u e s .  T h i s  a n a l y s i s  i g n o r e s  t h e  i n h e r e n t  l i m i t a t i o n s  of 

m a g n e t i c  t o r q u i  ng ;  i t  p r o v i d e s  d e s i r e d  c o n t r o l  t o r q u e s  w i t h o u t  

c o n s i d e r a t i o n  of t h e  f a c t  t h a t  t h e s e  t o r q u e s  c a n n o t  i n  g e n e r a l  

b e  p r o d u c e d .  

The m a g n e t i c  t o r q u e r  a l g o r i t h m  works o u t  a  compromise 

be tween  t h e  d e s i r e d  t o r q u e s  and  t h o s e  which  c a n  b e  p r o d u c e d ,  

u s i n g  t h e  a n g l e  and  r a t e  i n f o r m a t i o n  and  t h e  m a g n e t i c  f i e l d  

componentsas  measured by a  t h r e e  a x i s  v e c t o r  magne tome te r .  

Computer s i m u l a t i o n s  of c l o s e d  l o o p  a t t i t u d e  c o n t r o l  of 

NEAO w i t h  o n l y  m a g n e t i c  c o n t r o l  t o r q u e s  i n d i c a t e  t h a t  t h e  

d e s i r e d  p o f n t a n g  c o n t r o l  c a n n o t  b e  o b t a i n e d  due t o  l a r g e  

g r a v i t y - g r a d i e n t  d ~ s l u r b a n e e  t o r q u e s ,  However, a d d h t i o n  t o  

t h e  s y s t e m  of a  modest momentum wheel  of 1000 E t - l b - s e e  momen- 

tum p r o v a d e s  enough g y r o - s t a b i l i z a t i o n ,  t o  g i v e  HEAO 
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s h o r t - t e r m  a t t i t u d e  s t a b i l i z a t i o n ,  and t h e  m a g n e t i c  t o r q u i n g  

s y s t e m  c a n  work e f f e c t i v e l y  a g a i n s t  l ong - t e rm d i s t u r b a n c e s  t o  

meet t h e  d e s i r e d  p o i n t i n g  r e q u i r e m e n t s .  

The APE s t u d y  h a s  a l s o  found  t h a t  m a g n e t i c  t o r q u e r s  c a n  

b e  l i m i t e d  t o  maximum d i p o l e  v a l u e s  of + l o 3  ampere- turn-meter  
2 

w i t h o u t  compromising t h e  s y s t e m  p e r f o r m a n c e ,  T h i s  h a s  i m p o r t a n t  

i m p l i c a t i o n s  on t h e  w e i g h t  and  e l e c t r i c a l  power demands of t h e  

m a g n e t i c  c o n t r o l  s y s t e m .  

Based on computer  s i m u l a t i o n  r e s u l t s ,  a  b a s e l i n e  a t t i t u d e  

c o n t r o l  s y s t e m  f o r  HEAO-A was d e f i n e d  which c o n s i s t e d  of a  

s p e c i f i c  o p t i m a l  c o n t r o l  law ( c o n t r o l  l aw # l 4 ) ,  a  s p e c i f i c  

l o g i c  f o r  g e n e r a t i n g  m a g n e t i c  moments ( a l g o r i t h m  # I ) ,  a  1000  

f  t - l b - s e c  momentum whee l  and 1000 amp- turn-m2 m a g n e t i c  t o r q u e r  

H i m i t s ,  Typ ica l  b a s e l i n e  performance shows p o i n t i n g  errors l e s s  than 1 . 0  

d e g r e e  and s c a n  r a t e  bounded be tween  z e r o  and  O , l  rpm. T h i s  

pe r fo rmance  was o b s e r v e d  f o r  a  g a l a c t i c  s c a n  case and  a  -60' 

s c a n  a x i s  d e c l i n a t i o n  c a s e .  T h i s  b a s e l i n e  s y s t e m  a l s o  demon- 

s t r a t e d  maneuver c a p a b i l i t y  and a c q u i s i t i o n  f rom l a r g e  i n i t i a l  

a t t i t u d e  and s c a n  r a t e  e r r o r s .  

I n  one g a l a c t i c  s c a n  c a s e  where t h e  o r b i t  node was changed ,  

f rom z e r o  t o  180° r i g h t  a s c e n s i o n  peak  p o i n t i n g  e r r o r s  i n  e x c e s s  

of 1 . 0  d e g r e e s  were o b s e r v e d .  The p o i n t i n g  e r r o r  was less  t h a n  

1 . 0  d e g r e e  o v e r  90% of t h e  t i m e ,  however .  T h i s  r u n  c o u l d  

i n d i c a t e  t h a t  a l t h o u g h  t h e  b a s e l i n e  s y s t e m  meets a t t i t u d e  

r e q u i r e m e n t s  f o r  a  v a r i e t y  of c o n d i t i o n s ,  i t  may n o t  s a t i s f y  

t h e  r e q u i r e m e n t s  f o r  - a l l  c o m b i n a t i o n s  of  s c a n  a x i s  o r i e n t a t i o n s  

and o r b i t  p o s i t i o n s ,  A more e x h a u s t i v e  s t u d y  is r e q u i r e d  t o  

p r o v e  g l o b a l  pe r fo rmance  of a  s e l e c t e d  HEAO-A s c a n  mode a t t i -  

t u d e  c o n t r o l  s y s t e m .  

Another  s a t e l l i t e  o p e r a t i n g  mode r e q u i r e s  a  d i f f e r e n t  

a x i s  t o  be  p o i n t e d  t o  1 d e g r e e ,  and  t h e  whee l  a x i s  be  m a i n t a i n e d  

w i t h i n  f39  d e g r e e s  of t h e  s u n - l i n e  t o  o b t a i n  t h e  n e c e s s a r y  s o l a r  

a r r a y  power,  APL h a s  found  t h e  c o n s t a n t  s p e e d  nnomen turn whee l  

w r r h  magnetic eontrot i n a d e q u a t e  f o r  t h i s  c a s e .  However,  b y  

p r o v ~ d l n g  v a r a a b l e  whee l  s p e e d  c a p a b i l i t y ,  a n d  o p e r a t i n g  t h e  

wheel  t o  p roduce  c o n t r o l  t o r q u e s  by wheel  s p e e d  v a r i a t i o n  t h e  
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desired control accuracy has been obtained. T h e  basellne 

c o n t r o l  s y s t e m  f o r  t h e  s c a n  mode w i t h  s l i g h t  m o d i f i c a t i o n  t o  

c o n t r o l  c o n s t a n t s  and  a l g o r i t h m  l o g i c  e f f e c t s  d e s i r e d  p o i n t i n g  

of t h e  Y-axis  ( l o n g  a x i s ) ,  P o i n t i n g  of t h e  Z-axis  was o n l y  

o b t a i n e d  t o  w i t h i n  2 . 5  d e g r e e s .  

The APL s t u d y  h a s  p r o v i d e d  n o t  o n l y  pe r fo rmance  c h a r a c t e r -  

i s t i c s  of a  b a s e l i n e  s y s t e m  f o r  m a g n e t i c  c o n t r o l  of HEAO-A b u t  

h a s  p r o v i d e d  background i n f o r m a t i o n  t o  e n a b l e  a d e s i g n e r  t o  

s y n t h e s i z e  a  c o n t r o l  s y s t e m .  T h i s  background i n f o r m a t i o n  

is  i n  t h e  form of s e c t i o n s  on o p t i m a l  c o n t r o l  t h e o r y  and a p p l i -  

c a t i o n ,  m a g n e t i c  t o r q u e r  d e s i g n ,  e a r t h ' s  m a g n e t i c  f i e l d  

d e s c r i p t i o n ,  m a g n e t i c  c o n t r o l  a l g o r i t h m s  and  pe r fo rmance  t r a d e -  

o f f s  i n h e r e n t  t o  t h e  s e l e c t i o n  of a  p a r t i c u l a r  c o n t r o l  s y s t e m ,  
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APPENDIX A 

Magnetic Torquer  Design 

I n t r o d u c t i o n  

I t  is assumed t h a t  t h e  c o n t r o l  laws f o r  HEAO a t t i t u d e  

c o n t r o l  w i l l  r e q u i r e  t h e  g e n e r a t i o n  of magnet ic  d i p o l e s  p a r a l -  

l e l  t o  each  of t h r e e  o r t h o g o n a l  s a t e l l i t e  a x e s  w i t h  c o n t i n u o u s  

magni tudes  v a r y i n g  over  some l i m i t e d  r a n g e  from f u l l  p o s i t i v e  

d i p o l e  t o  f u l l  n e g a t i v e  d i p o l e .  These r e q u i r e m e n t s  can  be 

met w i t h  e l e c t r o m a g n e t s  u s i n g  f e r r o m a g n e t i c  c o r e s  o r  a i r  c o i l  

d e s i g n s .  The pr imary  o b j e c t i v e s  of t h e  d e s i g n  a r e  minimum 

weight  and e l e c t r i c a l  power. The examples worked h e r e  a r e  

a d d r e s s e d  t o  t h e  d e s i g n  f o r  a  maximum magne t i c  d i p o l e  of 1 0  3 

2 amp- turn-me t e r s  . 
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Symbols Units 

2 (amp- tu rn- rn  ) m a g n e t i c  d f  pole  moment; 

number of t u r n s  of c o i l  

p l a n e  a r e a  e n c l o s e d  by c o i l  

(amperes)  c o i l  c u r r e n t  

c h a r a c t e r i s t i c  d imens ion  of 

(me te r )  

( m e t e r s )  

( m e t e r s )  

( l b s )  
(ohms) 

( I b s / m e t e r  ) 

( W m e t e r )  

( w a t t s )  

g e o m e t r i c a l  f i g u r e  

p e r i m e t e r  of  f i g u r e  

t o t a l  w i r e  l e n g t h  

t o t a l  w i r e  w e i g h t  

t o t a l  w i r e  r e s i s t a n c e  

r u n n i n g  w i r e  w e i g h t  

r u n n i n g  w i r e  r e s i s t a n c e  

power consumed by c o i l  

a v e r a g e  m a g n e t i c  f l u x  d e n s i t y  

c o r e  volume 

t r u e  p e r m e a b i l i t y  of c o r e  (non-d imens iona l )  

(non-d imens iona l )  e f f e c t i v e  p e r m e a b i l i t y  

nomina l  m a g n e t i z i n g  f o r c e  
(4 - 1 . 2 5 7 / ~ 1 / ~ )  

( o e r s t e d s )  

c o r e  and/or  s o l e n o i d  l e n g t h  (cm) 

(cm) 
(non-d imens iona l )  

( o e r s t e d s )  

(gm/cm3) 

c o r e  d i a m e t e r  

d e m a g n e t i z i n g  f a c t o r  

c o e r c i v e  f o r c e  of c o r e  m a t e r i a l  

c o r e  mass d e n s i t y  ' 



A i r  Coil Des ign  
,.~. 

Assume a c o i l  of N t u r n s  wound i n  a c i r c l e  of d i a m e t e r  a ,  

t o  p r o d u c e  a  m a g n e t i c  d i p o l e  M :  

The  r e q u i r e d  c u r r e n t  P is 

Wire l e n g t h ,  W1 

Wire w e i g h t ,  W t  

Wt = wNPe= wN na 

Wire r e s i s t a n c e ,  R 

R = rNP = rNva e 
Power consumpt ion  

2 p  = = rNn-a(+$ 

Power-Weight P r o d u c t ,  PxWt 

PxWt = - IWFJ2 
a 

The number of  t u r n s , N , c a n c e l s  o u t  of  t h i s  l a s t  e q u a t i o n ,  

i n d i c a t i n g  t h a t  t h e  power-weight  p r o d u c t  i s  i n d e p e n d e n t  of  N .  

N a n d  1 must  b e  chosen  t o  p r o d u c e  t h e  r e q u i r e d  d i p o l e  moment 

M. T h i s  is a  t r a d e - o f f  be tween  c u r r e n t ,  v o l t a g e ,  and  number 

of t u r n s  b u t  d o e s  n o t  a f f e c t  t h e  power-weight  p r o d u c t .  



The product  rw is  a c h a r a c t e r i s t i c  of t h e  m a t e r i a l  

s e l e c t e d  f o r  % h e  eonduetor, Aluminum p rov ides  t he  lowest  

v a l u e  of t h i s  parameter  among common conduetar m a t e r i a l s ,  

For aluminum 

= 1 . 7 0 ~ 1 0  -6 ohm-lbs 
'w) Aluminum 

meter 2 

3 Example: To produce a  d i p o l e  of 10  . amp-turn-m2 w i t h  a  c o i l  

of 9 f t  d i ame te r ,  what is  t h e  r e q u i r e d  power-wt produc t?  

Using Equat ion 6 ,  

PxWt = 
16  (170x10-~)  (10 3 ) 2 

(9x. 3048) 

= 361.0  w a t t - l b s .  

T h e r e f o r e ,  f o r  i n s t a n c e ,  a  36 l b s  c o i l  would r e q u i r e  10  w a t t s  

of e l e c t r i c a l  power. Wire s i z e  and number of t u r n s  would be 

s e l e c t e d  t o  s u i t  t he  a v a i l a b l e  v o l t a g e s .  Lower c o i l  weight 

cou ld  be achieved by a l l o c a t i n g  more e l e c t r i c a l  power. 

I f ,  f o r  p r a c t i c a l  r e a s o n s ,  i t  is more convenient  t o  con- 

f i g u r e  t h e  c o i l  i n  a  polygon r a t h e r  than a c i r c l e  t h e  fol low- 

i n g  r e s u l t s  would be u s e f u l .  

I n  t h e  s p e c i a l  c a s e  of a  polygon supe r sc r ibed  on a  c i r c l e  

t h e  power-weight product  w i l l  be shown t o  be t he  same a s  t h a t  

of t h e  i n s c r i b e d  c i r c l e  

Consider an a r b i t r a r y  polygon supe r sc r ibed*  on a  c i r c l e  

a r e  tangent  t o  t h e  c i r c l e .  



Now t h e  power-wt p r o d u c t  f o r  a n  a i r  coil wound i n  a n y  s h a p e  

which  is  p r o p o r t i o n a l  t o  t h e  s q u a r e  of  t h e  p e r i m e t e r  t o  a r e a  

r a t i o  P e / A  For  any  po lygon  s u p e r s c r i b e d  on a  c i r c l e  of  d i a -  

meter ' ' a1 '  t h i s  r a t i o  is 4 / a .  The p r o o f  of  t h i s  a s s e r t i o n  

f o l l o w s :  

P r o o f  . 
A a  .. 

The a r c  AC ( above )  h a s  l e n g t h  - 8 .  The a r e a  OAC is 
8 a2 

6 2 
--(q ) .  T h e r e f o r e  f o r  OAC t h e  p e r i m e t e r - a r e a  r a t i o  i s  
277 

The  l i n e  AB h a s  l e n g t h  a / 2  t a n  Q ,  and  t h e  a r e a  OAB is  4 
a a  (-) !-- t a n  9 ) .  T h e r e f o r e  t h e  r a t i o  of l i n e  l e n g t h  AB t o  a r e a  2 2 

OAB i s ,  

a / 2  t a n  - 8 
= 4/a  . 

4 ci) (2 t a n g )  

S i n c e  t h e  p e r i m e t e r  t o  a r e a  r a t i o  f o r  any  s e c t i o n  of  t h e  c i r c l e  

is 4/a i t  f o l l o w s  t h a t  i t  is 4/a f o r  t h e  e n t i r e  c i r c l e ,  S i n c e  

t h e  p e r i m e t e r  t o  a r e a  r a t i o  f o r  e a c h  l i n e  e l e m e n t  of  t h e  

s u p e r s c r i b e d  po lygon  i s  4/a i t  f o l l o w s  t h a t  i t  is 4/a f o r  t h e  

e n t i r e  p o l y g o n .  Thus t h e  a s s e r t i o n  is p r o v e n .  

The  f o r m u l a  f o r  t h i s  power-wt p r o d u c t  is t h e r e f o r e  t h e  

same a s  t h a t  f o r  t h e  i n s c r i b e d  c i r c ? e ,  name ly ,  



In the ease of a r e e t a n g u l a l -  c o i l  c o n f i g u r a t i o n  with 

short side "a" and long side "b" the power-wt product is: 

n 

Example: For b = 30 ft and a = 100 inches, what is the power- 

weight product for a dipole of lo3 amp-turn-meter2? 

a = 100" = 2.54 meters 

b = 30' = 9.14 meters 

2 -6 . 3 2 PxWt = 4(2054 + "14' (170 x 1.0 ) (-10 ) 
(2.54x9.14) 

= 172 watt-lbs 

This result is applicable to the HEAO configureation for use 

for the X axis and Z axis dipoles. If 10 watts are allocated 

for each coil then the coil weight would be about 17 lbs. 

Electromagnet Design 

An electromagnet for efficient magnetic dipole moment 

production usually consists of a slender cylinder of ferromag- 

netic materzal, the core, wound with many turns of insulated 

wire, the solenold. Energiz~ng the solenoid with electric 

current magnetizes the core and produces a magnetic dipole 

momen t o  

Selection of Core Material - The dipole moment M of the 
core is related to the average flux denslty BAv in the core by 

the formula 



T h e  maximum d i p o l e  t h a t  c a n  be deve loped  i n  a g i v e n  core ns 

l l m s t e d  b y  t h e  s a t u r a t i o n  v a l u e  of B 
Av whrch 1s a p r o p e r t y  

d e p e n d e n t  on t h e  c o r e  m a t e r i a l ,  O b v i o u s l y  t h e  h l g h e r  B t h e  
Av 

l e s s  volume ( V )  a n d  c o r r e s p o n d i n g l y  l e s s  w e l g h t  of c o r e  i s  

r e q u i r e d .  

The s h a p e  of  t h e  c o r e  i s  v e r y  i m p o r t a n t  i n  e l e c t r o m a g n e t  

d e s i g n  d u e  t o  t h e  phenomenon of "demagnetization". When a  

c y l i n d r r c a l  c o r e  1s magnetized by a n  a p p l i e d  e x t e r n a l  f i e l d  H 

i t  d e v e l o p s  n o r t h  and  s o u t h  p o l e s  n e a r  t h e  e n d s  of t h e  c o r e ,  

which  p r o d u c e  a n  a d d i t i o n a l  f i e l d  H w h ~ c h  o p p o s e s  t h e  appLied  

f i e l d ,  Thus t h e  l e v e l  o f  m a g n e t r z a t l o n  wh ich  is  a c h i e v e d  i s  

lower  t h a n  t h a t  e x p e c t e d  from t h e  t r u e  p e r r n e a b l l ~ t y  o f  t h e  

c o r e  material, The l l e f f e c t i v e "  p e r m e a b i l i t y  ye i s  Lower t h a n  

t h e  t r u e  p e r m e a b i 4 l t y  p ,  and  1s g i v e n  a p p r o x i m a t e l y  by t h e  

f o r m u l a  

where  t h e  p a r a m e t e r  n /  i s  c a l l e d  t h e  d e m a g n e t l z a t l o n  f a c t o r  
4.T 

a n d  d e p e n d s  on t h e  A/d o f  t h e  c o r e .  T a b l e  9 g i v e s  t y p i c a l  

v a l u e s  of  n/ f o r  c y l l n d r l c a k  c o r e s  of v a r i o u s  A/d r a t i o s ,  
4.r 

t a k e n  f rom R e f e r e n c e  I .  



T a b l e  1 

Demagnetizing F a c t o r  fo r  Rods of  Varnous &/d R a t i o  

1 0  

20 

50 

L O O  

200 

500 

1000 

2000 

The numbers  g i v e n  i n  t h i s  t a b l e  a r e  s t r i c t l y  v a l i d  f o r  com- 

p u t i n g  t h e  f l u x  d e n s r t y  a t  t h e  m l d p o i n t  of  t h e  c o r e  n o t  t h e  

a v e r a g e  o v e r  t h e  e n t i r e  c o r e ,  The p u r p o s e  i n  q u o t l n g  them 

h e r e  is t o  make t h e  p o i n t  t h a t  t h e  A/d r a t l o  1s a  d o m l n a t l n g  

f a c t o r  i n  e l e c t r o m a g n e t  d e s i g n .  As &/d becomes ? a r g e  t h e  

demagne t i  z ~ n g  f a c t  o r  a p p r o a c h e s  z e r o  and  ,ue a p p r o a c h e s  u ,  
I t  1s d e s l l a b l e  t o  have  pe l a r g e  t o  mln lmlze  t h e  r e q u l r e d  

magnetizing f o r c e  s i n c e  

Bu t  w l  t h  G~ i n  t h e  r a n g e  of  l o 5  t o  l o 6  t h e  c o r e  would b e  v e r y  

responsive t o  t h e  e a r t h ' s  f i e l d  a t s e l f  (- . 3  o e r s t e d  a t  HEAO 

a l t i t u d e ) ,  d e v e ! o p l n g  saturation d r p o l e  f rom t h e  e a r t h ' s  field 

a l o n e ,  Thns  would interfere d r a s t i c a l l y  wn t h  a c t u a l  c o n t r o l  

d i p o l e  generatnon I t  seems dessrable to l a m a t  lndueed dnpo%rs 



t o  about 1% of the control dipoles, T h l s  is roughly achieved 

by limiting M~ to 1000 as a maximum. Tf we use an k/d of 80 

for design purposes, then the demagnet~zing factor can be 

found by interpolation from Table 1, n/ln = ,0004 and the 

desired true permeability can be calculated from Equation (2) 

If a material with u = k O p O O O  is selected then the effective 

permeability at A/d = 80 would be 

If Y = be = 2500 . clearly the c h o ~ c e  of A/d = 80 has 

made be relatively insensitive to the true permeability above 

p = 2000, Any materlal with gl = 1670 or greater can be used 

for a core material, 

Table 2 presents the physical characterlst ics of several 

popular feromagnetlc materials wlth sufficient permeab~lity to 

meet the present requirements (from Reference I) , 



T a b l e  2 

BhysieaS Properties ef Some Ferromagnetic K 1 a t e r i ~ l . s  

Name AP%.oy 

( r e m a i n d e r  Fe) 
I r o n  

S i l i c o n - i r o n  

4 5  p e r m a l . 1 0 ~  45Ni 

H y p e r n i k  50Ni 

4-79 Permal l .oy  4bI0, 79Ni 

hlume t a  1. 5Cu, 2 C r ,  77Ni 

Permendur 50Co 

AEM 4750  48Ni 

D e n s i t y  

o e r s t e d  ---- 
1 . 0  

g a u s s  .--- 
2 1 , 5 0 0  

The  w e i g h t  o f  ' t h e  f i n a l  c o r e  i s  p r o p o r t i o n a l  t o  t h e  

density" The r a n g e  of  d e n s i t i e s  i n d l c a l e d  above  1s f a ~ r l y  

n a r r o w ,  w i t h  s l l i c o n - i r o n  t h e  b e s t ,  The h i g h  i r o n  a l l o y s  show 

h i g h  BhlAX a  d e s i r a b l e  a s p e c t  t o  m i n i m i z e  w e l g h t ,  I n  t h i s  
I r e s p e c t  p u r e  l r o n  and  pemcndur l o o k  most a t t r a c t i v e ,  However ,  

b o t h  have  f a l r l y  l a r g e  v a l u e s  of c o e r c i v e  f o r c e ,  Hc .  T h i s  

i m p l i e s  significant r e s i d u a l  m a g n e t l z a t i  on a t  z e r o  a p p l i e d  

f i e l d  a n d  s i g n l f ~ c a n t  h y s t e r e s i s .  H y s t e r e s i s  introduces some 

" i n d e t e r m i n a c y "  i n  t h e  d i p o l e  moment s l n c e  t h e  r e s u l  t a n t  

d i p o l e  i s  n o t  e x a c t l y  r e l a t e d  t o  t h e  instantaneous a p p l i e d  

f i e l d .  Too much l n d e t e r m l n a n c y  would  c r e a t e  c o n t r o l  s y s t e m  

p r  o b l  ems. 

C o n s i d e r ~ n g  m a t e r i a l s  w l t h  low Uc a n d  h i g h  Bmax, i r o n  

a n d  AEhl 4750 loolr  a t t r a c t ~ v e .  

Measu remen t s  of  cy1  i n d r i  c a l  c o r e s  o f  i r o n  ( a c t u a l l y  

Armeo m a g n e t l c  i n g o t  i r o n )  b o t h  b e f o r e  a n d  a f t e r  h e a t  t r e a t -  

m e n t ,  a n d  AEh1 4750 a r e  g l v c n  ~ n  F l g u r e  J ,  T h c  h e a t - t r e a t e d  

i r o n  s h o w s  a s4 r g h t  a d v a n t a g e  ~n maxlnxum f l u s  dens1 t y  b u t  t h e  

rather l a r g e  h y s t c r c ' s ~ s  of 10% as compared to about  9 to 2% 
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Fig.  A- I  ELECTROMAGNET DESIGN COMPARISON OF CORE MATERIALS 



f o r  AEM 4750 makes t h e  l a t e r  more a t t r a c t i v e  f o r  t h e  p r e s e n t  

a p p l i c a t i o n ,  

Note t h a t  t h e  maximum f l u x  d e n s i t y  a c h i e v e d  i n  t h e s e  

cores a t  H = 20 o e r s t e d s  is o n l y  60-70% of  t h e  t h e o r e t i c a l  

maxima l i s t e d  i n  T a b l e  2 .  I n  o r d e r  t o  r e a c h  t h e  peak  f l u x  

d e n s i t y  excessive v a l u e s  of  m a g n e t i z i n g  f o r c e  would b e  

r e q u i r e d .  T h i s  is  i n d i c a t e d  by t h e  d r o p  i n  t h e  s l o p e  of  B 

v s  H a r o u n d  H = LO o e r s t e d s ,  We a r e  i n  t h e  r e g i o n  o f  d imi -  

n i s h i n g  r e t u r n s  - g r e a t e r  B c a n  be o b t a i n e d  o n l y  w l t h  a n v e s t -  

ment  o f  more power and /o r  w e i g h t  i n  t h e  m a g n e t i z i n g  s o l e n o i d ,  

C h o i c e  o f  C o r e  M a t e r ~ a 2  

On t h e  b a s l s  o f  low h y s t e r e s i s  a n d  h i g h  BhqAX a n  a l l o y  w i t h  

48 to  50% n i c k e l ,  r e m a i n d e r  I r o n ,  is recommended f o r  HEAO con- 

t r o l  d i p o l e  e l e c t r o m a g n e t s ,  A c o m m e r c i a l l y  a v a i l a b l e  a l l o y  of 

t h l s  t y p e  i s  AEh1 4750 made by t h e  Allegheny-Ludlum S t e e l  C o r p ,  

T h i s  mus t  be h e a t - t r e a t e d  i n  d r y  hydrogen  t o  d e v e l o p  optlmum 

properties. For  l o n g  c o r e s  t h e  a v a z l a b z l i  t y  of  a d e q u a t e  s i z e  

oven  f a c i l i t i e s  may b e  a  p r o b l e m ,  



So3 enor  d Desi  gn --- 
The e l e c t r i c a l  power d i s s i p a t e d  i n  t h e  s o l e n o i d  is 

a n d  t h e  s o l e n o i d  w e i g h t  is 

The m a g n e t i z i n g  f o r c e  i n  t h e  s o l e n o i d  is g i v e n  b y  

which  c a n  b e  r e a r r a n g e d  t o  g i v e  

U s i n g  (8) and  (10) t h e  power-wt p r o d u c t  is  

a n d  u s i n g  (1.2) g i v e s  

Now t h e  c o r e  d i a m e t e r  is r e l a t e d  t o  t h e  c o r e  volume 

by t h e  e x p r e s s i o n  



and 
a a = (ti) d 

Using (15) and (16) i n  eq ,  14 y i e l d s  t he  expression 

The p r o d u c t  r w is  mi:ni.mized by c h o o s i n g  aluminum w f r e ,  

i n  which c a s e  r w = 170x10-~ ohm-lbs/<meter2 

For t,he p a r a m e t e r s  s e l e c t e d  h e r e ,  H = 20 o e r s t e d  and R/d = 

8 0 ,  e q ,  (17) becomes 

PxWt = 1 0 8 . 9  x  1 0  -5 v4/3 
wat t - l b s  (18)  

T h i s  e x p r e s s i o n  g i v e s  t h e  power-weight p r o d u c t  f o r  t h e  s o l e -  

n o i d  t o  d r i v e  t h e  e l e c t r o m a g n e t  c o r e .  The weight  of t h e  

c o r e  must be  added t o  g e t  t h e  t o t a l  weight  f o r  t h e  e l e c t r o -  

magnet .  

Examp2.e 
-=- 

For M = ld amp-turn-mZ 
and B~~~~ = 1 2 , 0 0 0  g a u s s  

Theref  o r e  

4 v4'3= 1 0  

T h e r e f o r e ,  from e q .  (18) 

pxwt 308,9x10 - 5  v4 l3  = 1 0 . 8 9  w a t t - l b s .  

T h e  core w e l g h t  is 
a 

Wtcore = pV = 8 = 2 x % 0  g r a m s  = 1 8 , l  %bs, 



I f  w e  energize t h e  electromagnet with P O  watts t h e  sole- 

n o i d  weight  would be 1 - 0 9  9 b s -  Therefore the total e l e c t r o -  

magnet weight  is 

Core 18.1 l b s .  

So leno id  1 . 0 9  l b s  
- 

T o t a l  1 9 . 2  l b s .  

T h i s  is abou t  1 /2  t h e  we igh t  of t h e  9  f t .  a i r  c o i l  d e s i g n  

and c'omparable w i t h  t h e  a i r  c o i l  d e s i g n  on a  30 'x1001  r e c t a n g l e  

(assuming 1 0  w a t t s  of power) .  With g r e a t e r  power a l l o t m e n t  

t h e  a i r  c o i l  d e s i g n s  a r e  p r o p o r t i o n a l l y  l i g h t e r  - t h i s  i s  - not  

t h e  c a s e  f o r  t h e  e l e c t romagne t  d e s i g n  s i n c e  on ly  abou t  1 l b  

o u t  of a  t o t a l  of 19  l b s  i s  invo lved  i n  t h e  c o n s t a n t  power w t  

p r o d u c t .  That  i s ,  even w i t h  i n f i n i t e  e l e c t r i c  power t h e  

e l e c t romagne t  weight  would be 1 8 . 1  l b s ,  whereas t h e  a i r  c o i l  

weight  would be reduced  t o  n i l .  

For t h e  HEAO a p p l i c a t i o n  t h e  e l e c t romagne t  d e s i g n  f o r  
3 1 0  amp-turn-meter2 d i p o l e  is t h e  b e t t e r  cho i ce  from a  m i n i -  

mum power-weight s t a n d p o i n t  f o r  t h e  Y a x i s  d i p o l e .  I t  cou ld  

be used  f o r  a l l  t h r e e  axes  i f  d e s i r e d .  

Re fe r ence :  1 B o z o r t h ,  R .  &I.: "Ferromagnetism",  D .  Van 
Nos t rand  Company I n c . ,  1951.  
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APPENDIX B 

M a t h e m a t i c a l  Model of t h e  E a r t h ' s  Magne t i c  F i e l d  

T h i s  a p p e n d i x  b r i e f l y  d e s c r i b e s  t h e  m a t h e m a t i c a l  model 
f o r  e a r t h ' s  m a g n e t i c  f i e l d  and  MAGGY 4 wh ich  is a  F o r t r a n  I V  
s u b r o u t i n e  c u r r e n t l y  u s e d  by JHU/APL f o r  compu t ing  t h e  
g e o m a g n e t i c  f i e l d  v e c t o r  a t  a  p a r t i c u l a r  l o c a t i o n  a l o n g  a  
s a t e l l i t e  t r a j e c t o r y .  

The  g e o m a g n e t i c  f i e l d  is  e x p r e s s e d  a s  a  series of s o l i d  
s p h e r i c a l  h a r m o n i c s  a n d  t h e i r  d e r i v a t i v e s  i n  g e o c e n t r i c  
s p h e r f c a l  c o o r d i n a t e s .  The geomagne t i c  p o t e n t i a l  V a n d  f i e l d  - 
components  a r e  d e s c r i b e d  by 

a v  n=8 m=n -1 - n+2 -m - 
Y = - - - C -.(+)- - - r s i n  8 a A  - n = l  m=O s i n 9  
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where  - X ,  Y a n d  Z r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  n o r t h w a r d ,  e a s t -  
w a r d ,  and-downward components  o f  t h e  i n t e n s i t y  i n  g e o c e n t r i c  
c o o r d i n a t e s ;  a ,  t h e  r a d i u s  o f  t h e  r e f e r e n c e  s p h e r e ;  r ,  t h e  
r a d i a l  d i s t a n c e  f rom t h e  cen t  er of  t h e  r e f e r e n c e  s p h z r e ;  0 ,  
t h e  c o l a t i t u d e ,  o r  90" - p  where  @ is  t h e  l a t i t u d e ;  t h e  
e a s t  b n g i  t u d e  measured  f rom g r e e n w i c h ;  

a n  a s s o c i a t e d  Legendre  f u n c t i o n  o f  d e g r e e  - n  a n d  o r d e r  - m 
a n d  o f  t h e  S c h m i d t ' q u a s i - n o r m a l i z e d  t y p e ;  a n d  

. m m 
g- and  h- , -n -n - - 

s p h e r i c a l  harmonic  c o e f f i c i e n t s .  

The  c o e f f i c i e n t s  a r e  d e f i n e d  f o r  a n  e p o c h ,  I- a n d  t h e  
v a l u e  of a  harmonic  c o e f f i c i e n t  f o r  a n o t h e r  time-2 - t is  o b t a i n e d  
f rom 

* m 
where  C-- e q u a l s  t h e  s e c u l a r  change  of t h e  c o e f f i c i e n t  i n  gammas/ n - 

-5 y e a r  (1 y = 1 0  g a u s s ) .  

MAGGU 4 c u r r e n t l y  i n c l u d e s  c o e f f i c i e n t s  f o r  a  9 t h  o r d e r ,  
7 t h  d e g r e e  s p h e r i c a l  h a r m o n i c  e x p a n s i o n ,  d e f i n e d  by  C a i n  1964,  
w i t h  a n  epoch s = 1960 ,  Inputs and outputs for u s i n g  the 
s u b r o u t i n e  are-2 i n e l u d e d  i n  t h e  Pisting. I t  is noted t h a t  
t h e  c o e f f i c i e n t s  G ( * , * ) ,  B(*,*), G T ( * , * )  a n d  l I T ( * , * )  i n  the 
Pisting are related to the spherical harmonic  coefficients by 
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A t  an open meet ing i n  Washington, D . C . ,  on October 24,  
1968,  t h e  I A G A  Commission 2  Working Group No. 4 chose  t h e  
I n t e r n a t i o n a l  Geomagnetic Refe rence  F i e l d  (IGRF) 1965 .0 .  The 
r e f e r e n c e  f i e l d  was endorsed  by t h e  I n t e r n a t i o n a l  Assoc i a t i on  
of Geomagnetism and Aeronomy (IAGA) World hlagnetic  Survey Board 
on October 28 ,  1968 ,  and by t h e  IAGA Execu t i ve  Committee i n  
February  1969 ,  Tab l e  I shows t h e  IGRF c o e f f i c i e n t s ,  which 
a p p l y  t o  t h e  p e r i o d  1955 .0  - 1972 .0 .  For d a t e s  a f t e r  t he  epoch 
1972 .0 ,  recommendations w i l l  be made a t  t h e  XV Gene ra l  Assembly 
of t h e  I n t e r n a t i o n a l  Union of Geodesy and Geophysics  (IUGG) i n  
1971 ;  f u t u r e  m o d i f i c a t i o n s  of t h e  IGRF a r e  l i k e l y  t o  app ly  on ly  
t o  t h e  s e c u l a r  change c o e f f i c i e n t s ,  A F o r t r a n  program t o  com- 
p u t e  f i e l d  v a l u e s  from t h e  IGRF 1965.0  is  o b t a i n a b l e  from t h e  
U.S. N a t i o n a l  Space Sc i ence  Data C e n t e r ,  NASA Goddard Space 
F l i g h t  C e n t e r ,  G r e e n b e l t ,  Maryland, USA, 20771; t h e  I n s t i t u t e  
of Geo log i ca l  S c i e n c e s ,  Royal Greenwich Obse rva to ry ,  Herstmon- 
ceux C a s t l e ,  Wailsham, Sussex ,  England;  o r  t h e  World Data 
Cen te r  A f o r  Geomagnetism, U.S. Coast  and Geode t i c  Survey - 
ESSA, Rockvi lPe ,  Maryland,  USA, 20852. 
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SUBROUTINE M A G C Y 4 ~ D L A T ~ B C ~ N G ~ A L T ~ T H ~ N M A B Q t L D ,  
1BNrRE,WVvB l  

DOYENSIBM SPf959oCPC25B 
DIMENSION A I O t l l )  VFM425B 
D I M E N S I O N  F M ( 2 5 1 c H 4 2 5 p 2 5 1  
D I M E N S I O N  6 ( 2 5 p 2 5 b p P l 2 5 , 2 5 )  
DIMENSION B P (  2 5 9 2 5 1  g C O N % T t  25,- 
DIYEMSION S H M I V ( 2 5 , % 5 9 r H T 1 2 5 , 2 5 9  
O I Y E N S I O N  G T ( 2 5 ~ 2 5 1  e W T T ( 2 5 9 2 5 )  
D I M E N S I O N  G T T t  2 5 , 2 5 1  9 T H (  2 5 , 2 5 1  
D I Y E M S I O M  T G C 2 5 9 2 5 )  
D O U B L E  P R E C I S I O N  AVGVH,  P v R v T ~ A R , A Z v A 4 v B Z , C P v C T v D P , F M ~  FMVGTV 

~ H T ~ S P ~ S T , T G ~ T H I A O S , G T T ~ H T T ~ P N M ~ R A D ~ A ~ B ~ ~ A ~ B ~ ~ F L A T ~  R L A T I  TEMP,  
?COh lSTv  RLONG,  SHMITvSlNLA,TLAST,TZEROpAI@, AAe B R v C C p  D D v E E v F F  

C MAGGY 
C  GEOMAGNETIC F I E L ~  USING ANY NO. OF COEFFICIENTS 
C  I N P U T S - .  D L A T =  G E O C E N T R I C  L A T  I T U D E  ( DEG) . 

, C D L O Y G =  G E O C E N T P I C  L O N G I T U D E  ( D E G )  
C  A L T =  A L T I T U D E  ( K M  1 
C T M =  E P O C H  R E Q U E S T E D (  1964.0 E T C . 1  
C  N Y A X =  T E R M S  F A C T O R  p C O M P U T E D  E X T F R N A L L Y  BY- 
C S Q S T F ( N 0 .  OF D E S I R E D  T E R M S  +ONE) 
C L = C O U N T E R  ( S E T  T O  1 O N  F I R S T  P A S S )  
C R E S E T S  T O  Z E R O  I N T E R Y A L L Y  
C  3 U T P U T S -  E!N= NORTH G E 3 C  COMQ O F  F I E L Q  ( G A M )  
C B E =  E A S T  GEOC COMP ?IF F I E L D  ( G A M I  
C  BV= V E R T I C A L  GEOC C n M P  OF F I E L D  ( G A M )  
C B= T O T A L  F I E L D  1 G A Y )  

I F ( L 1 9 r Q r l  
1 f ' t l v l i = l a  

D P (  1 9 1  ) = O a  
S P (  1 )=O.  
C P ( 1 ) = 1 .  
R A D = 5 7 . 2 9 5 7 7 9 5 1 3 E O  
A = 6 3 7 8 . 3 8 8  
F L 4 T = l . - l e / 2 9 7 .  
A 2 = 4 * * 2  
A 4 = A * * 4  
B 2 = ( A + F L A T  ) * * 2  
A 2 8 2 = A 2 *  ( 1. - F L A T * * 2 )  
A 4 R 4 = 4 4 * (  1 . - F L 4 T * * 4 1  
C O N S T ( 2 r l I = O *  
C O N S T f  % p Z I = O e O  
SHMIT(1p I)=-1. 
DO 2 0  V = 2 9 2 5  
A A = 2 * N - 3  
RB=N-1 
SWYIT(NI1)=SHMIT(N-1 l *AA!BR 
F N ( M I = N  
J=2 
88 20 Y ~ 2 p i " J  
C C = %  N-M+X) *J 
DD=N+"$I2 
S H M I T ( N t  M I = % H M I T ( N ~ M - I  l * h ) S Q R T [ C C i B B l  

28 $ = I  
BQ 4 N = 3 p 2 5  
oil 4 Y = l o N  
F M ( M O = M - 1  
FF=(N-2)**2-(Y-1)**2 









12 P ( N I M ) = C T * P ( N - Z ~ M I - C O N S T ~ M ~ M ~ * P ~ N - Z ~ H I  
Q P ( Q B Y ) = C T * D P t h - b  pMB-ST*PCM-1~biQ1-CQNST[N~Hl*BPlN-2pMl 

1 3  PQM=PtNe3)*AR 
TEMP=TG(  N c M l * C P ( H l + T M ~ N ~ M % i * S P ~ M ~  
BNsRN-PEMP*DP IN, M i  *Aa 
R E ~ B E - ( P G ( N ~ M ) + ~ P ( M ~ - ~ ? - ~ ~ N ~ ~ M B * C P B M B  l * F M g M l * P N M i S T  
BV=BV+TEMP*FN B fV) *PNY 

5 4  CONTINUE 
B = S Q K T  (BN**Z+BE**2+BV**2  I 

' 2 3  R E T U R Y  
ErJO 
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APPENDIX C 

Computer Program f o r  HEAO-A S imula t ion  

T h i s  appendix  b r i e f l y  d e s c r i b e s  t h e  computer program used 

by JHU/APE f o r  e x a c t  s i m u l a t i o n  of HEAO dynamics,  The program 

i t s e l f  is w r i t t e n  i n  a  s p e c i a l i z e d  d i g i t a l  s i m u l a t i o n  language 

(DSE/Sl) which a l l ows  c o n t r o l  of t h e  program wh i l e  i t  is  i n  

e x e c u t i o n  p l u s  concu r r en t  d i s p l a y  ( i n  ana log  and d i g i t a l  form) 

of sys tem performance.  Except f o r  s p e c i a l i z e d  i n t e r a c t i v e  

c a l l  s t a t e m e n t s  t h e  programming language is s i m i l a r  t o  FORTRAN 

% V ,  

The HEAO d i g i t a l  s i m u l a t i o n  s imu l t aneous ly  accounts  f o r  

o r b i t a l  motion of t h e  s p a c e c r a f t ,  e v a l u a t i o n  of e a r t h ' s  magne- 

t i c  f i e l d  v e c t o r  u s ing  a  48 term expansion of t h e  geomagnetic  

p o t e n t i a l ,  and e x a c t  r o t a t i o n a l  dynamics of t h e  s p a c e c r a f t .  

The program is  t h e  r e s u l t  of a  long  e v o l u t i o n  of s p a c e c r a f t  

dynamicax s i m u l a t i o n s  performed a t  APL. The re fo r e  t h e  space-  

c r a f t  o r b i t a l  and a t t i t u d e  e q u a t i o n s  of motion a r e  exac t  and 

g e n e r a l  i n  n a t u r e ,  Mod i f i c a t i ons  t o  t h e  g e n e r a l  program f o r  

HEAO i n c l u d e d  on ly  t hose  t r a n s f o r m a t i o n s  nece s sa ry  t o  d i s p l a y  

s p a c e c r a f t  a t t i t u d e  i n  an e c l i p t i c  c o o r d i n a t e  frame and t h e  

l o g i c  r e q u i r e d  f o r  a l l  i n t e r a c t i v e  f e a t u r e s ,  A new s u b r o u t i n e  

c a l l e d  ALGOR was added which g e n e r a t e s  t h e  s p a c e c r a f t  magnet ic  

d i p o l e  moments a s  de termined by t h e  c o n t r o l  system a l g o r i t h m s .  

E u l e r s  dynamical e q u a t i o n s  a r e  used f o r  de t e rmina t i on  of 

t h e  i n s t a n t a n e o u s  angu l a r  a c c e l e r a t i o n s  about  a  s e t  of p r i n c i -  

p a l  a x e s ,  Spacec r a f t  a t t i t u d e  is e s t a b l i s h e d  by a  3x3 m a t r i x  

A whose e lements  a r e  t h e  d i r e c t i o n  c o s i n e s  between s p a c e c r a f t  - 
f i x e d  axes  and an i n e r t i a l  r e f e r e n c e ,  R a t e s  of change of t h e  

e lements  of t h i s  m a t r i x  a r e  g iven  b y  

where a i s  t h e  skew symmetric r e p r e s e n t a t i o n  of t h e  angu la r  - 
v e l o c i t y  vec to r  bbq. I n t e g r a t i o n  of 2 and A p rov ide s  f o r  upda t e  - 
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of a n g u l a r  r a t e s  a n d  t h e  attitude m a t r i x ,  The  orthogonality of 

A is e s t a b l i s h e d  every time s t e p .  - 
The a d v a n t a g e  o f  u s i n g  t h e  e l e m e n t s  of t h e  a t t i t u d e  m a t r i x  

A a s  v a r i a b l e s  o f  i n t e g r a t i o n  r a t h e r  t h a n  E u l e r  a n g l e s  is  two- - 
f o l d :  

1) The z e n i t h  p o i n t i n g  problem is e l i m i n a t e d ,  T h i s  problem 

o c c u r s  when t h e  s p a c e c r a f t  symmetry a x i s  is  a l i g n e d  w i t h  t h e  

i n e r t i a l  r e f e r e n c e  s y s t e m  a n d  r a t e s  o f  change  of c e r t a i n  E u l e r  

a n g l e s  a p p r o a c h  i n f i n i t y ,  

2) O u t p u t s  a r e  r a r e l y  e x p r e s s e d  by EuEer a n g l e s  d i r e c t l y  b u t  i n  

terms o f  a n g l e s  r e l a t i v e  t o  a n  e c l i p t i c  o r  s t a r  r e f e r e n c e  f r ame .  

The a t t i t u d e  m a t r i x  - A is i n v o l v e d  i n  t h e  t r a n s f o r m a t i o n  f o r  

g e n e r a t i n g  t h e s e  d e s i r e d  a n g l e s ,  S i n c e  - A is a n  e s s e n t i a l  

i n g r e d i e n t  t o  t h e  program and  would be g e n e r a t e d  whe the r  E u l e r  

a n g l e s  were u s e d  o r  n o t ,  i t  is  f a s t e r  and  more a c c u r a t e ,  

For  r e f e r e n c e ,  a  P i s t i n g  of  t h e  HEAO d i g i t a l  computer  

p rogram f o l l o w s :  



INPUT F O R  D S s I 4 1  T R A N S L A T O R  ( V E E S I C ? ;  2) 

T I T L E  *** H E A O  A T T I T U D E  S I M U L A T I O N  I N  D S L / Q l  R Y  Re TOSSMAN *** 
& .  00°C -30C 
S T O R A G  D A V A R ( R 1  q K D A C 1 B 0 9  I D A C ( 8 D 9 D A S F ( S O I I N D X ( R ~ ~ T Y ~ ( 1 2 ~ ~ T C ~ T R L ( 3 ) ~  e a e 

X R E F ( 3 ) r Y R E F i 3 ) 9 Z R E F O ,  e e 0 

H % P A ( 3 ) r U S P A ( 3 ) , S S P A ( 3 t  O T O E S ( ~ ~ * E R R V ( ~ I ~ E C L N M ( ~ )  
8 ------------------------------------------------------------------ 9 i i ) P  1 3 9 C  
* 00"(>14Pf 
I N T G E R  I ~ J I K ~ I S ~ T ? I D A Y O I Y R ~ I S T A R T , I S T O P ~ N Y R , I H R K A Y L N P A X T E M S  e . .  

J D A Y P ,  I D A C I M I N ,  l N D X ,  I N I T L P ?  I N T T S ' r J g  J4tJ59 I G E A L L S I D E  r .  e 

I T S T i l P V I  T S T R T  P I Y R K ,  I C H N k  9 I S T R A N ,  I S W T C H ?  I S W 1 ,  I S W 2 1  I S W 3 ,  I S h ' 4 r  ... 
I S E E D T I S T R T ~ K D A C ~ I C C J E F ~  J C O E F , M O D E ~ I A L G O R , I n E L T v J 8 ,  I C L p I R S N g  e e e  

YOIIWHL * --- ---- - --------------------------------------------- ----- ----- --- O C C C  19nf 
YP nPc.C?ofrr  
C O N T R L  D F L T  = 4 e 0 9 D E L M I Q  -3. q D E L M A X  = R e (  rT )FLS  = 7 2 e  r D E L N I X  - 3 r ) T e  r e e a  

D E L S T P =  36.0 
T A Q L E  K D A C (  1 - R ) =  9 * + 1 6 3 8 4 * E K R V ( l - 6 )  = h*C . I ?  * ------------------------------------------------------------------ CY: ) ( J23QC 
t 3'3; C 240C 
C O N S T  PIE=3.14159279P12=602P31C!53~RPD=~ . ~ 1 7 ~ 5 3 ? S € 7 2 9 2 1 1 5 7 -  e e 

P E = 6 1 7 R .  166rCON=leQE-C5oDPR=57o29578vTAU=8Cbog{'94?~ e e e 

GM=3s99h329E+239CGSCDN=l B 3 5 5 8 E + 7 , E R F A C = 1 e c E + C 7 ~  0 . .  

NMAX=7rNTERMS=48rTAUKS=1e23945,RADTAU=lhe29786?E-5, e e m 

T A U K S F = l e  2 3 9 4 5 9  XCALLS=3.C '  * ------------------------------------------------------------------ O G G ~  300r 
* 3Cr r  3 1 0 0  
PARAM I S A T =  1 Q 7 3 Q r  I Y R =  68 ,TM=  1 9 6 8 e P , S T R D A Y =  3 5 7 e k  9 T S T O P -  L C 9  e e e  

X D A Y  = : ,O,XNLOOP = h .CO,TSTART=f ieC 9 e.0 

C X X =  3 6 3 2 9 .  v C Y Y =  3 9 9 2 .  r C Z Z =  3 5 1 8 7 .  ,HWHFFL=  Ir<~c'. r e e  e 

C V X M A X =  1 e O E + 6 r C M Y M A X =  I O c ? E + h r C M Z M A X =  l .f 'E+bv A L P H h O =  35.: 9 . 9  

WXO= 9 , 2 C 9 E R R T f l =  f e 7 5  *HRT;YAX= P e  ? A P E M A X =  T . rWREMAX= ! ' .v  0 . e  

E R R K 1 1 =  0 e 0 9 f K R K 1 2 =  Q , P r E R P K 1 3 =  C . U p E K K K 1 4 =  ~ ~ . ? ~  e o  e 

E R R K I  5 =  3 0 9 q E R R K L h =  31. 4 v F R R K 2 1 =  9 * 8 4 ? F P R K 2 2 =  6 0  84, e e e 

E R R K 2 3 = 1 * 7 9 1 3  p E R R K 2 4 = l . L 7 * C r E R R K 2 5 =  C\o f ' rEPRKZ6= O e q t  e e a  

E R R K 3 1 = l e 7 9 0 ,  E R ? K 3 2 = 3 9 1  a 3 9  F R R K 3 3 = - 9 e 8 4 0 F R R K 3 4 = ( ; e ? 6 q v  r e .  

E R R K 3 5 =  Gec2,ERRK36= C . T r  e o e 

D A F 1 =  P e 1 9 f i v D A F 2 =  %7.5C'f'~rDAF3= 1 , i O O , D A F 4 =  l e n C T r  
D A F 5 = 1 0 2 5 E b 9 D A F 6 = 1  . 2 5 E t j 9  D A F 7 = % . 2 5 € 6 ~ 0 A F H  2 5 , < ? 9  I SEED-O * ------------------------------------------------------------------ no;' G 4 4 0 P  

t OOC';\L5QI? 
jF\ICON R { ~ L L ~ =  f i e i j , P I I C \ f C =  3, ,YAWC=Pe r C M E X f = " o f  7 CIMFYQ-To r ( I M E Z r = C e  7 . e * 

X N D X i  = 2 R B , f l ,  X I D X 2  = 2 3 9 . f  X N O X 3 = 2 8 4 ,  > p X N D X 4 =  2 R 8 * ( ! ,  
XNDXS = 368,Pq X U O X b  = 2 6 3 e ~ , X N n X 7 = 2 7 c e ~ * X F u r l X P =  2 7 2 s ;  r * a e 

S T R A D E = 1 f > G . ( J C 3 r  S W T C t J $ = ~ ~ i 2 B Q ~ 9 H X 9 1 A S =  f ' .  p H Y B I A S =  L e  y l - i P R I B $ =  r r s o  

N X Q E S =  ' ,'j1J9 P X z  I r  * P Y =  C . 9 P 7 ~  C r  r A t z l r T ' S P ' ; 6 9  p C Z I V i = :  2 n . 5 9  B B O  

C A P O - i ,  F C R 4 N R = 1 9 ~ . 0 9 L C , = ~ 4 6 p C T P ~ O ~ C  0 1 3 B S r i X ~ ~  e ? * ~ ~ s d ~ ~ p + q v  e e 

OBSHZ=Q. , I  *GE. W,t_p41)=11 @T;i * T ~ t j M = i -  *.(3 gXNTRCP=5EQ& . P  siMNT6.~CP~7.bK";F--2v e e B 

P C W i y = i ~ e C ? L 9 T X E 3 f A S ~ L . C r 4 Y 1 " 1 i i B S ~ C e C a P Z R Y  *j 
t .................................................................. QCOC 5 O O C  
O 90Cr'51'30 
I N T E G  S I ' q P  ?:f ' 5 2 - ^  
+$ --------------------------------------------------------------------- O O Q i  5 3 G O  

ONL T P I  E * 



J~c': " 4 P C  
A S S I G N  A (  E L D S T M 9 0 E L T T 3 B S W X r  DRSk'Y q n H 5 W Z r S T R D A Y  r C L A L Y D r A L P H A C t F R F T 3 t  e e e  

W X ' 3 ) r  0 % .  

~ ( ~ f I t t ~ L ~ r ~ f f C H 5 i Y A W S i f - : W X f ~ B w ( - f : Y f i f : " 1 f - L 4 ~ 5 T R f l 6 € , t i ~ H E E L  V K X D E S 9  4 . 4  

SWTCHS)  9 . a .  

C ( F R R K 1 5 ~ E Y P K 1 6 ~ E R R K 2 1 ~ E K Q K 2 ~ R K 2 4 ~ F R ~ K 3 l ~ F R R K 3 2 ,  a 4 4  

E Q K K 3 3 g E R P K 3 4 l r  . m e  

O (  C Q A N 3 ,  O A F 1 9  D A F ? r D A F . 3 v  r A r 4 9 f ) A F ~ 9 1 1 A F 6 , D A F 7 ~ D A F Q l  9 0 *  

E (  T l l T E 9 R , C Y X M A X , C M Y M h X , C M Z M A X p H X B I A S ~ ~ i Y B I A S ~ H Z R I A S ~ H R E M A X ~  4 . 4  

A P E M A X q W R E Y A X )  
>g --------------------------------------------------------------------- 7L10r 63gi 
6 :>'i;(, h4c+n++~ 
E X C L U D E  I ~ J ~ K , I Y R K 9 I S d T C H ~ 1 S k 1 P I S W 7 ~ I S W 3 ~ I 5 W 4 , I C C F F ~ J C ~ F F ~ I ~ T ~ A N ~ I ~ O D E  * ------------------------------------------------------------------ O!>Of 67pr 
9 3(30P68cC 
D I ) I M E N S I O N  U S O D ( 3 )  y T T O H ( 3 ) r A H O D ( 3 ? 3 1  
0 D I M F N 5 I C l I  Y R f l 0 ( 3 ) 9 T ~ A G ( 3 ) p T G R A V ( 3 ) ~ C ~ 9 1  
I? D I M E N S I O N  E R K K ( 3 9 6 ) , Y T X (  3 7 3 )  y C U Q V ( 1 1  
0 E Q U I V A L E N C E  ( T I Y E  9 C I J R V ( 1 1 1  I ' C r Q  7 1  :'r 
6 

I N I T I A L  RFSIOY : , , - IC< 78ClP * *g(  - 9 3 ~ ' r  
* O r j c , [  G 3 C f  

IMCIDF = C L A L M D t 4 3 1  
* I C L  I S  THE NlJMHEr? OF T H E  D E S I R E D  C f l h l T K O L  LAW 

I C L  = I ~ ~ O O E / l i ~ D  
$ I A L G O R  S W I T C H  - S F L E C T S  T O V T p f l L  A L G O P T T H M  

I A L G O R  = ( I Y O D E / l C  I - (  I C L * l ! ' l  
* a * * *  MOOF S N I T C H  S E L E C T S  P O I N T I N G  M n D F  
I rYl0Or=1 - X A X I S  P O I N T F O  TO SUN 
* M f l Q E = Z  - X  A X I S  P O I V T F D  TO S T a P  
+j: M C n E = 3  - Y A X I S  P n l Y T F D  T 3  S T A R  
6 Y O D F = 4  - Z A X I S  P Q I Y T F D  TO S T 4 Q  

M 0 3 F  = I L l O D E - (  I Y [ ) D E / l f , )  b k l C  

I S W T C H  = SWTCHS 
l S W l  = I S W T C H / l " 3 ? r  
1 S d 2  = ( I S W T C Y / ~ I ~ C  ? I - (  I S W l * l P )  
I S W ~  = ( I s r ( ~ ~ t - t / ~ , ~ r  D - t  ( I s W I c W / l r o r  1 *in 1 
I S M 4  = ( I S d T C H / l  ' f - (  ( I S W T C t t / I r ! L l + l r  1 
I S W 5  = I S N V C H - I !  I S W P C H / I r  l W  
YPDkqHL = 1 S d 1  
PMAGP'J = I C W 2  
G R V T O  = 1543 
CNTRLQ = I S N 4  
i P 4 f T I  P = 1 5 ~ 4 5  
(;U T I  ( 5 9 1  l ) , I * J I T l  p 



* ,jf'Q'(7hl?" 

e T U R N  ON WECORPER I N K  S Y S T F M P  [ IUTPIJT MINIJS F U L L  ?pp l  9 7 p r  
9~ S C 4 L E  ON A L L  D A C ' S  FOR C A L I P F A T I O N ,  S T E P  RECCIRDER ~ ~ S G C  9 8 r  1- 

5 C P N T I V I J E  
* C Y N A Y  I C  D I S P L A Y  A S S I G N Y E N T  I N l T I  P L T Z A T I O N  c ~ C  11 " 84pf 

C A L L  h ' t C S A W ( 3 , Q , 1 1  p:" l ~ , * ~ r  r 
C A L L  dr;AQAW ( 3 9 K1)AC 7 9 1 
C A L L  hfl '; lSAW( 3 9  7.1 1 Y':: 1 ' 4 r C  
GO TO 1 5  

Q r r  c 1 2 c i r r  
l? C O V T  I PIIJC 

I N I T S W = I  p - i  1 5 8 ~ r  
C A L L  n A S C L ( 3 A F l ~ D A F 2 9 O A F _ ? . ~ D A F 4 9 r \ A F 5 A F 5 D A F 7 ~ O A ~ ~ ~ X ~ n X l 9 X N D U ? ~  see 

U Y D X 3 ,  X r J C X 4 ,  XNDX5, XVnX6, XVDX7, X N O X U ,  I Y D X q D A C F  1  
I F (  I C L . F 0 . + 3 ) G 0  T O  16  
C A L L  C Y T i  A W (  ? C L , F R F A C , , E R P K )  
E F R K 1 1  = € K K K ( 1 q l ) / E U F A C  
F R R K l 2  = E R R K ( 1 , 2 ) / E K F A C  
E R P K 1 3  = F R R K ( 1 , 3 1 / f R T 6 C  
E R Q K 1 f b  = E R K K (  l , % ) / E R F A C  
E U R K l S  = E R R K ( l v 5 ) / E R F A C  
F R R K l h  = E R R K t l p 6 I / C R F A C  
Fpf'K21 = F P R K ( ? r l  1 / F P F A C  
E Q R K Z ?  = E R K K (  2 , 2  1 / E R F A C  
E K R K 2 3  = E R R K ( 2 9 3 ) / E R F A C  
E R n K ? 4  = E R Z K ( 2  9 4 )  / E c F A C  
F R A K 7 5  = E R R K ( 2 , 5 ) / E K F A C  
E R H Y 7 6  = E K K K ( 2 , 6 ) / E K F A C  
E P R K 3 1  = G P R K t  3 9 1  / E R F A C  
E R K K 3 2  = F R R K I  3 r 2  / E R F A C  
E R R ( 3 7  = E R R K ( 7 , 3 ) / E P F 4 C  
E S O K j A  = E R Q K ( ? , k )  / F R F A C  
E R P K 3 5  = E K ? Y ( 3 , 5 ) / E R F A C  
E R R K 3 h  = E K 4 K ( 3 9 6 )  / C K F A C  

1 6  C 7 Y T  I PJIJF 
E Q Q K ( L 1 l )  = E K K K 1 I * E ? F A C  
ERRK ( 1  t 2 )  = € K R K 1 2 " E 9 F A C  
E R K K ( l p 7 )  = F d R Y 1 3 * E R F A C  
E * R K (  1 9 4 )  = E ? R K l & * F R F h C  
F R 9 Y I i v 5 )  = G R R K 1 5 * E R F A C  
ERPY ( 1 9 6 )  = E K R K l A * E R F A C  
r R K K ( Z 9 1  1 = E R R K Z l * G R F A C  
tPRK(2,3) = C R 9 K Z Z * E Q r A C  
F R R K ( Z 9 3 1  = E R R K 2 3 2 g E Q F A C  
E P R K I ? p 4 !  = E R R K 2 4 * F R F A C  
F R R K f  2 , 5 )  = F R R K 2 5 * E Q F A C  
bRPK(?sh) = F R R Y 2 4 Q E R F A C  
E Q 4 K  C'*l B = t Q Q K 3 L * E K F A C  
E R k K ( ? p Z  1 = T K P K 4 2 * F f ? F R C  
F R G Y (  3 s ? l  f K X , K 3 3 * E R F W C  
E R ? K ( 3 , & )  = E K K Y 3 4 * F R F A C  
C 9 2 K ( 3 s 5 )  = F K ? K 3 5 * E P F A C  
F P R K ( 3 p h )  = ZYRY36*E9FRC 
I F ( D E L T , L T . L . L ) ) S O  T'3 1% ~9 
l O F L T  = D E L T + , I ! 1  



J4 = 7 4 I T O E L I  
GO T r l  1 2  

11 n o e u  = e ( O E L T * L ~ * ~  ) + . o i  : 
J4 = 2 4 f / I D E L T  

12 X N L O O P  = J4 
L - 1  
JR = 1 
K P Y C i l N  = 3 ? . C / P I E  
I S T A R T  = S T R D A Y + . O l  
I S T O P = I  S T A R T + 1 1  
I T S T R T  = T S T A R T  
I T S T O P  = T S T O P  
K D A Y =  I S T A R T  
Y P = I Y K + 1 9 0 9  
h l Y R = I Y R + 1 9 3 f  

DAY=KI )AY 
O A Y Y U Y = I S T O P - I S T A H T  
T R U q = D 4 Y R U N * R h 4  ! C  . + T S T O P - T S T P R T  

T 1 Y E = T S T A i ? T  
T I Y P S T = T I Y E  
T R - T I M E  
F I N T I M = T R U N + T S T A R T  
I H 3 = T I M F / 3 h , O *  
HR= I t-39 
Y  I N = T  I Y E  /4Q.-HR*6P . 
I D A Y = X D A Y  
D D A Y = P , l * * I n A Y  
XHR=YQ 
I F ( Y ? , L T e 1 p e  ) X H R = H Q c 9 C ,  
X M I h l = Y I N  
E L P S T M  = D g A Y * [  ( Y H R * l  , O E - 2  ) + i X M I Y * l * : " . F - 4 ) )  
W A L L S  = X C A L L S + * O l  
I G A T E = J 4 * N C A L L S  
J S = I G A T E  
Zf&2fZIn - -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  - - 

AP = C A P O * R P O  
RAN=C RANO*RPD 
T P = C T P * T A ( l K S F  
J D A Y P  = S I R D A Y + , f I 1  
L O E F = (  + L , 8 f l 2 4 E - 3 * 1 , 5 )  / f A L * (  l 8 ) - E C * * 2 1  i * * 2  
TDRB=W4,4R9*AL*SCIRT(  A L )  
O R T F = 5 , L 8 4 E + S / T O R B  
C D A P = C O E F * O R T E * f  2 . 0 -2  * 5 * S I N (  . T I N  ) * * 2 )  
C R R A N = - C t 7 E F * O R T E * C O S t  Z I N I  
O A P = C D A P * R 4 O I A k I  
DRAN=Ct>RAN*KADPAU 
UR9CON=3C,* fURB/P  I E 

* C I I N V F R T  M O M E N T S  OF J N E Q T I A  AUD R O I C I R  MOMENTUM T ?  C G S  U N I T ?  
C 2 L  = CXX*C;SCON 
6 2 5  = C Y Y e C G S C O N  
C26 = C 7 Z * 6 5 S C O h 4  
Hnr lT l lQ  = E-- ldYEEL*CGSCON 
R T M n Y  = HWMEEL 
!PSW = "1  

R T n R ( 3  = r , O  



"4 i G H  = ( P . " + t ' C i r l Y ! * ~ i j J t ' E F L  
2 Y L O W  = ( 1 . 3 - P C d M ) * H W H E F L  
P Y n Y  = H K O T O P  
s L n P f  = - ( Y Y T ~ K P / X N P P C P )  
D E S S P Y  = W Y 9 F S / Y P M C 7 N  
C O Y P J T F  13EAQ S A N l l  L I Y I T S  
nn 2 7  1 = i , 3  
Gn 10 (.'( 9 2 1 , 7 2 1 9 1  

2: I C O F F  = I ) B S Y X + . ' 3 1  
GO TO ? ?  

2 1  I C O F F  = D J S W Y + .  11 
GO rrl 3 7  

7 2  I C n F i  = D B S W Z + . S l  
23 J C f l F F  = I C n E F / 1  )7 

ICnEF = I C O E F - (  J C O E F * l r ' ? )  
ANGCCIF  = J C O E F  
Q T I - C O F  = I C f l F F  
GO T O  ( ? 4 7 2 5 , 2 6 1 , 1  

7 u  D H X A Q L  = A Y S C n r * i . ? F - 7  
r m x e  T F  = R T E C ~ F * ~  J E - ~  
G O  T O  2 7  

7 5  D f 3 Y b N G  = A N ; C q F * l . O E - 2  
D B Y R T E  = K T E C O F * 1  . 3 E - C  
GO T r l  7 7  

26 Q B Z A U G  = A N G C q F * l . O E - 2  
D B Z R T F  = R T E C f l F * l  .GE-5 

77 C O U T I N I J F  
* C Q ' A P I J T t  A L T I T U D F  O F  A  C I R C U L h P  n R H I T  FOR G I V E N  S F M I  M A J O R  A X I S  
.k 

A L T K M  = ( A L - 1 .  )*QE 
A L T Y M I  = 4 L T K Y * j , 5 3 Q 9 6  - 
C A L L  GUNWH4( I C T ~ K T I I Y R I G P I  t 2 r . 6  

5 E T  L I Y O F X  F O s  UYE I N  M A G G Y  or2r : 7901: 

N T E R Y S = N M A Y * * 3 - 1  P3Cc, 83047 
if NFJIAY=? I MPL I F S  T H A T  1\ lTEK84S=Q OL;C C filrr 
-+ Y Y A X = 7  I M P L I C S  T H A T  Y T E K M S =  " 8  33Lr ? Z O C  

C A L L  y G F D C 4 ( K : 1 4 Y v  T Y R , T S T A R T , A L r E C ~ Z I N ~ A P ~ R A N ~ ~ A P ~ P Q A Q ~ J O A Y P ~ T P ~ ~ ~ .  
F I A T I F L I J V r  4 L T t R K V  E L f I N , G Q  v T M 9  N p A X v L  ~ Y Y P A * H T f T ~ C ? , 4 V v C A ~ ' v T A I  

* C n V P t I T F  S ' J Y  R I G H T  4 S C T N S I I ' l Y I D E C L I N A T T f 1 N  I n  I F J F R T I A I  C P A C E  
? A Y  = D A Y  + T S T 4 R T / 9 h 4 C * Q e  
C A L L  A L P 4 1  D A Y ~ I Y R I R A , D E ~  

t- COP?Pt !TE  Y 1K ' IAL  T 3  E C L I P T I C  P L A N F  -- I N C L  Z 3 ( l > F G  I ? 7 ( M I Q )  
E C L N Y ( ? )  = ' a  

E C L V M (  2 1 = - - 3 9 3 3 5  
E C L U M ( 1 )  = .91741 

5 q P ~ f i  l ? ) = C I I ~ (  f7E i * C n S t R A  
SS~2~71=C?5(DEI*SIN(Rht 
5SPAb 3 1  =61:4{ L)E 1 

> C I 1 Y " i l T I I  ST'piia P1C7,4T A C C I  bl\iD CIFCL. r 9 7 M  S T  ! R P F  
T S T R A P 1  -= S ' r 9 A O l - -  
f S T Q Z N  = I A H S ( I S T R 4 N I  
X C T S 6 N  = I S T D 4 P d  
I F ( ' ; V 9 A l , f , E l 3 , ' ,  )!LO TO l a  
PECGrV = ~ T R A I I C / ~ ' ~ S (  S T R A D F )  



G O  4 n  14 
13 DESGN = 1 - 0  

i: .A si74 = < T a u  RIGHT A S C E Q S I O M  

1 L  S Y A  = X ? T R A N * K P 3  
9: * SDE = STAR D E C L I N A T I [ l f . J  

SDE= ( $ T R A D E - Y S f ' , A ' \ J * i ) F S G R )  *1Qp *':*RPD 
X H F F ( 1 )  = C O S ( S R A ) * C O S ( S C k \  
X R E t ( 3 )  = S I I V ( S 9 4 ) * C 1 3 S ( S T E )  
X Q E F ( ? \  = 5 I N ( S D C I  
DI) 10 1 ~ 1 9 3  
Y R F F  ( I  1 = Y P F F (  I I 

19 L R E F ( 1 )  = Y R E F ( 1 )  
CR = C O S I R O L L 0 * 9 P D )  
SR = S I N (  - ? O L L ? * l l P D )  
C P  = C ~ ~ C ( ~ I T C H O * Q P G )  
5 P  = S I N I ? I J C H Q ~ ~ R P O )  
C Y  = C I I S  ( Y A W ' 2 * R P I I  I 
S Y  = S I N ( Y A U " * R p D )  

:$ >:: :+ (OF.  A X C E ' I  S E T S  UP 1-35111 R E F *  9 X F S  ACCnPDI 'JJG T 3  YUDC S E L F C f I f l N  

C A L L  A X G F U ( Y t 7 Q E ,  5 S P A t  F C L P j M ~ X R E F q Y R F F ~ 7 R E F )  
2 : ~  " T X  = A T T T T ! J D F  M A T Q I X  F O M  L O C A L  Q F F .  b X F S  T f l  V E H I C L F  A X E S  

Gn TI-! (6,5,7,9),:4!3?E 
* k q A T R I X  T R A Y S .  S E Q I J E N C E  I S  P ( l C L ~ P I T C H ~ Y A W ( F I P 5 T  T Q  L A S T  

6 Y T X ( 1 , l I  = C P * C Y  
Y T X ( 2 , I I  = - C P * S Y  
M T X ( 3 9 1 )  = 5 P  
M T X (  l r 2 )  = C R * S Y + S R * S P * C Y  
Y T X ( 2 . 2 1  = C P * C Y - S R * S P * S Y  
y T X ( 3 r 2 1  = - S R * C P  
Y T X (  1 , 3 )  = 5 R * S Y - C R * S P * C Y  
Y T X (  2,3 I = S R * C Y + C R * S P * S Y  
M T X ( 3 9 3 )  = C P * Z F  - 
GO T n  

* Y A T R I  X  T P C Y ! Y *  SkQ jENCE I S  P I T C H I Y A W v R O C I ( F I P S T  T O  L O S T )  
7 V T X ( 1 , l I  = C P * C V  

Y T X ( 2 r l )  = S P * S p - C R * C P * S Y  
Y T X f  3 , l )  = C K 4 c S P + S R * C P * S Y  
Y T X I L v 7 )  = S Y  
Y T X ( ? , 7 )  = C R * C V  
Y T Y t 3 , ? )  = - 5 R * C Y  
Y T Y  ( 1 3 t = - S P * C Y  
Y T X ( 2 r 3 )  = S P * C ' + C R * S P * S Y  
M T Y C  3 ? 3 )  = C R * C ? - S R * 5 P * S Y  
r,n T n  ? 

" M ? T P  I X T " b T \ ! S e  SfRI!ITPIC,E 1 C Y A d * f " E T C H r R O L L  ( F  IRST T O  L 4 7 I  1 
6 ~ T Y ( l 9 1 )  CP*C't' 

M T X I  2* 1 )  = - - C Y * S Y  + S K * S P * C Y  
Y T X f  3 r  1 )  = CF>kSY + C f ) * S ? * C Y  
u T X B l s L )  = C Q * S Y  
Y T X ( 2 r S )  = C P * G Y  + C R * S P * S Y  
Y T Y ( " ? I  - - S R % C Y  + C R * S P * S Y  
Y T X f  7 7 3 1 = -Cp 

M T X ( 2 r 3 )  = S P * C p  
""T(?,q) = C R * C P  



CrJNT P VilL 
"* C O Y P U T F  BHf3C.I - A T T l T l l D E  M A P Q I X  C R n Y  G E O C F Y T R E C  F Q b n E  T O  YFH, A X E S  

A ~ n D ( L e l 8 = Y T X ( l ~ l l * Y R F F 4  f 1 + M T X f E ~ 2 l * Y R E F ~ l I * ~ T X 4 1 ~ 3 B * Z R E F 4 1 B  
- -  - - AYRDd1 t2 )=MTXf 3 3 3  )*X?FFf 2 3 9 W T X f  I - 9 3 " r * ' f R E ~ ~ 2 3 * ~ T Y 3 t ~ 3 3 * Z R E F f  33 - - - - - - - - - 

b B f l U ( $ ~ 3 9 = M P X ( 1 ~ 1 ) * X 9 f F ~ 3 \ + M T X ( I L p 2 ~ * V R F F ~ 3 l + ~ T X ~ l ~ 3 ~ * Z R E F ~ 3 ~  
b B f l D ( 2 9 l l ~ M T X ( 2 ~ L ) * X ~ F F i  l B + F d i T X t 2 p 2 B * Y R F F (  ~ ! + M T ~ ~ 2 ~ 3 ~ * Z R E F ~ ~ ~  
~ Q ~ D ( ? F ~ ) = M T X ~ ~ ~ B ) * X R F F ~ ~ ~ + M T X ~ ~ ~ ~ ~ * Y R E F ~ ~ ~ + M T X ~ ~ ~ ~ ~ * Z R E F ~ ~ ~  
A R l 9 f  2 9  1 I z M T X t  2pll*XREFf31+YTXf2,2I*YREFf3l+MTXf2~3~*ZREF(3j 
A R f l D ( 3 ~ 1  ) = Y T X f 3 , 1  ) * X R E F  ( l ) + ( u ( T X ( 3 , 2 ) * Y R E F (  l ) + M T X ( 3 y 3 ) * Z R E F f  1) 
AROD(3,?)=MTX(3~1)*XSFF(2I+MTXf3,2)*YREF(?~+MTX(3~3)*7PEF(21 
A R ~ D ( ~ , ~ ~ = M T X ( ~ , ~ ! * X I ? € F ( ~ ~ + M T X I  3y2I*YREF(?)+MTX(393)*ZPEF( 3 )  
T Y ? (  1 ) = O Y E X o / K P Y C O N  
T Y 0 (  2 ) = ( l Y E Y 3 / R P Y C O N  
T Y n (  3 )  = O Y F Z O / R P M C O N  
K = 4  I;<. 2 5 1 p C  
DCI.2'3 J=1q3 
00 2 9  I = l r 3  
T Y q ( K ) = f i P . l n (  I v J )  1 C - 2 5 4 c T  

2 8  K = K + 1  
C 

S R A D  = P A * I ) P R  
* - - - - - - - - - - - - - - - ' - " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ! ' I  . 2A8" '  

C A L L  H E A D E R  2r r 2 6 9 ~ ~  
t ;, ; I  Z 7 1 ' C "  * ------------------------------------------------------------------ : r ; !  2 7 2 " '  

1 5  C n N T T N U E  
L c r i , z 7 3 c ~  

J E R  I V A T I  VE  R E S I O Y  C'Sr'2 7 4 C p  
N T l q C R T  ?r ,Cf275CC 

1)Cr2760[- 
I F t I N I T L P  . Y F *  2 )  R F T U R N  
I F ( I N I T S W  . E O e  7 )  G O  T n  l C O G ?  *r7:,27Rrf 
I N I T S . 4 - ?  c l O C 2 7 9 0 C  
R E T U P N  n c c z  P C C C  

O C C 2 R l " i '  
1 " r  -' C l J N T  I VIJE O9C2h2CC 

T Y 1  = I N T G R L ( T Y 3 f  I t  r D T Y l  1 00C 2 R 5 p C  
T Y 2  = I N T G ? L ( T Y S (  2 )  D T Y 2  1 130s 2 86r ) l  
T Y 3  = I U T G S L ( T Y 2 4  0 D T Y S  ) C ~ C  2 8 7 ~ ~  
P Y 4  = I V T G R L ( T Y * ' (  41 q D T Y 4  CdL299r)f 
T Y 5  = I h T G R L ( T Y ' J 4  5 )  9 P T Y 5  1 0002990r\ 
T Y 6  = I V T G K L I T Y C (  6 )  7 D T Y h  17?(i2 Qo<i(' 
T Y 7  = I N T G R L ( T Y ' > (  7 )  9 D l Y 7  ) q G , : ? Q l P C  
T V P  = I V T G R L ( T Y D (  8 )  7 D T Y R  CJCC 292r i r  
T Y 9  = I N T G K L ( T Y 3 ? (  9 )  r D T Y 9  1 nCC293CiD 
T Y 1 "  = I N T G R L I T Y ~ q ( l i > )  r D T Y l f  l '1CC 2Q49C 
T Y l l  = I N T G R L ( T Y r I I 1 1 I  9 O T Y 1 1 )  ;3@C 795Pf '  
T Y l Z  = T N P G K L ( V Y O ( l 2 )  r I I T Y l 2 I  3 2 r  2 9 6 0 ( '  
G O  T f t  ( 5 h y 5 9 ) r J S  OPC - j r  PC' 

F e  CO'VTINUF sci.  3 A 20n  
C ( 1 )  = 9-V4 O P r  3 r  8 f t  
C t 2 i  = PV5 3-,qr"- 
C ( 3 )  = T V A  3rr 315:"~' 
CB41 = V V 7  YCl: 3 % % T i  
6 % 5 1  = T ' fq  3C3P 3 I Z f " T  
C ! 6 1  .: Tyq  ?( j1 l313rc  
C ( 7 )  = I V 1 3  143T 
C ( 9 1  = T Y L L  "r :3150r 
~ ( 4 )  -= r v e z  3 C r 3 1 6 ^ "  
CALL C f l Y D T N t C  ! t ' O i  3 1  7 C (  
I Y 4  = C ( 1 1  r C  318Qr, 
T V 5  = C(2) n S ' + 3 1 9 G C  
T Y ~  = ~ t 3 )  J C  333n( 



'BY4 -- C ( 4 1  O d t  3 Z L D T  
T Y 8  = C 8 5 1  O Q G 3 2 2 0 0  
TMCi =: 6 f 6 9  *3q0 3 2 3 0 6  
- r u e  = e c - n  ~oe.32e i .cae  
T V l 1  = C ( 8 )  0 0 0 3 2 5 0 0  
T V 1 2  = C ( 9 l  3 0 C 3 2 6 0 0  

56 CONTINUE G0(;327CIP 
J R - 2  OOC3280f.2 

* A T T I T U D E  M A T R I X  R E C O V E R E D  F POM TY ARRAY C C  C 3 2 9 n 0  
A B U D ( l q 1 )  = T Y 4  C 9 6 3 3 0 Q 0  
A B f l D ( 2 r l )  = T Y 5  O C ) ? ? 7 1 0 n  
A R O D ( 3 r l i  = T Y 6  n01 ;3320[3  
A R O D ( l , ? )  = T Y 7  O9p3330f' 
A B f l D ( 2 , 2 )  = T Y 8  iGT334f ir  
A B 0 0 (  3 9 2 )  = T V 9  913C375C.Q 
A B f l D ( l r 3 )  = T Y l O  3 C i 3 3 6 + 5 3  
A R O D ( 2 9 3 )  = T Y l l  i)C1;1377r)O 
A R O D l 3 q 3 )  = T Y 1 2  OGC3389r 
T R = T R + ( T I M E - T I  MPST  r ? 0 0 1 3 9 0 0  
J 5 = J 5 + 1  9GC34000 
IF(  IGATF.GT,JSIGO ro  3 5  
J5=0 001353417P 
I F ( T P e L T e 8 6 4 0 C e ) G O  T O  3 2  
T R = T R - B h 4 0 0 e  GO534300 
K D 4 Y  = K D A Y  + 1 3333L-49D 
I D A Y = I D b Y + l  CiOG345+3i? 
DDAY-C . l * * I D A Y  C 3 0 3 4 7 P F  
C A L L  G P N W H 4 ( K D A Y q I Y R r G R )  9GC348qG 

3 2  C A L L  M G F D C 4 ( K D A Y v I V R r T R  q A L , E C q Z I N q A P , R A N ~ D A P , O R A N * J D A Y P q T P t e e e  
FLATtFLONIALT,RKqELONqGRqTM,NYAX,LqHSPAqHTCT~CRANqC4PvTAI 
I H R = T R / 3 6 0 0 *  
H R = I  t4R 3 0 C 3 5 5 0 0  
M I N = T R / 6 G . - H R * 6 q e  ')Of23 5611533 
XHR=HR OOP357(33;  
I F  ( H K . L T * l O .  ) X H R = H R + S P ,  O f I C 3 5 8 " ~  
X M I N = M I N  9 2 ~ 3 6 3 0 r  
E L P S T M  = D D A V * ( ( X H R * l e O E - 2 t + ( X M I N * l ~ ~ 2 E - 4 ) )  

* C O M P U T E  L O C A L  V E R T I C A L  
G=(.11958096E+07)/(RK**31 
U S P A (  1) = C O S (  F L A T * R P D I * C O S (  E L O N * R P D )  
U S P A (  2 t = C O S (  F L A T * R P D ) * S I N ( E L O N * R P D )  
U S P A f  3 )  = S I N (  F L A T s R P D I  

0 C O M P U T E  SUN D I R E C T I O N  U S I N G  F R A C T I O N A L  D A Y  N O T A T I O N  
D A Y  = K D A V  
D A Y  = D A Y  + T R / 9 6 4 P x 3 ,  
CALL A L D 4 (  D A Y *  I V R p R A p D E  9 

d: 

S 5 P A t  1 ) = C O S ( D E  I*C05(RAT 2 1 7 4  
P S P A ( 2  ) = C O S t D E ) * S T N ( W A B  1175 
SSPA63)=SIN(DEl 7 1 4 6  

4 

C A L L  A X % F N [ M U D E ~ S S P A ~ F C L N M ~ X R E F ~ Y R E F ~ L R E F I  
* 
t Q i ; f ' i 4 3 O P Q  

35 C 8 N T  l r \ l l JT  
A ? I ~ L ~ ; P ~ ~ ' C I  8 



Y B X 4 ? P 1 1 ~ A B O D ~ % r ~ ~ * X i k E I = ~ 1 D + i % B O ~ ~ ~ p 2 ~ * X R E ~ ~ ~ ~ + ~ ~ ~ r ) ~ l ~ 3 ~ * ~ P f F ~ 3 ~  
~ T K ( 1 9 Z ) = A 9 3 D t l r k 1 * Y R E F ~  L ~ + A B C 1 D I B ~ 2 1 f \ d P E F ~ 2 ~ + A ~ ~ D ~ l ~ 3 ~ * Y R E F ~ 3 ~  
M T W 1 1 9 3 ~ ~ A R O D f % r % ~ * Z R E F ~ 1 ~ + A B O C ~ 1 p 2 ~ * Z R E F ~ 2 ~ + A ~ O D f I ~ ~ ~ * Z R E F ~ 3 ~  
M T X 1 2 s ~ P ~ 4 B ~ D ( 2 B % ~ ~ X R E ~ ( ~ ~ + A R O D f 2 ~ 2 ~ * X ~ E ~ ( 2 ) + A ~ O D ( 2 ~ 3 ) * X R E F ( 3 ~  
Y T X ~ ~ ~ ~ ) = A B ~ D ( ~ ~ ~ ) * Y R E F ( ~ ) + A B O O ~ ~ ~ ~ ~ * Y K E F ( ~ ) + A B ~ D ( ~ ~ ~ ~ * Y R E F ( ~ ~  
~ ~ T X ( ~ , ~ ~ = ~ B O D ( ~ , ~ ) * Z R E F ( ~ ) + A B C ) D ( ~ I ) ~ ~ * ~ R E F ( ~ ~ + ~ B O D ( ~ ~ ~ ) * ~ R E ~ ( ~ )  
Y T Y ( ? , 1  ) = A R O D ( ~ * I ) * X R E F (  l ) + A R O i ) ~ 3 ~ ? ) * X R F F t  2 ) + A B O D ( 3 p 3 ) * X R E F (  3 1  
M T X ( ? , ~ ) = A R O D ( ~ ~ ~ ~ * Y R E F ( ~ ~ + A B ~ ~ D ( ~ ~ ~ ) * Y R E F ( ~ ) + A B ~ ~ ) ( ~ ~ ~ ~ * Y R E F ( ~ ~  
M T Y ( 3 ~ 3 ) = A B ~ D ( 3 ~ 1 ) * Z R E F ( 1 ~ + A R C 7 D ( 3 ~ 2 ) * 7 P E F ( 2 ) + A B ~ l ~ ~ ( 3 ~ 3 ) * Z R F F ( 3 I  
GO TO (Cj( 9 5 3 9 5 1 r 5 2 ) , M O D E  

5C R  = 4 T A N ? ( - 1 V 1 T X ( 3 , 2 ) r Y T X ( 3 9 3 ) )  
P = A R S I N ( Y T X 1 3 r P ) )  
Y = AT4Y2(-MTX(2rlI*YTX(l,l)) 
G O  Tn 5'1, 

5 1  R = A T A Y ~ ( - Y T X [ ~ ~ ? ) ~ M T X ~ )  1 
P = ATAN2(-YTX(lr3IrMTX(l,l)I 
Y = A R S I N ( Y T X ( I I Z ) )  
GO T17 43 

5 2  K = A T 4 N 2 (  Y T X ( 2 , 3 ) v Y T X ( 3 r 3 ) )  
P = - A Q S I N ( Y T X ( l y 3 ) )  
Y = A T A N ? (  M T X ( l r 2 l , Y T X ( I v l )  I 

5 3  C O V T I Y U E  
33 3 0  1 5 1 9 3  
H H ? P (  I ) = C e  

U B V D ( I ) = O e  
DO 3 6  J = 1 ~ 3  
H B o D (  I )=HRoI)(  I ) + A B O D ( I I J  ) * H S P A ( J )  

36 u B O D ( I ) = ~ J B O O ( I ) + ~ R O D ( I ~ J ~ * U S P A ( J )  
t C A L C i J L A T E  Y A G N E T  IC TOPQUES 

I F ( P M A G T Q ) 3 8 r 3 8 , 3 7  
37 T M P C (  1) P Y * H B : l D ( 3 ) - P Z * H B 0 0 ( 2 1  

T M A G ( 2 )  = P Z * H R O D ( l ) - P X * H S 0 0 ( 3 )  
T M A G ( 3 )  = P Y * t f R r l D ( 2 ) - P Y * H B O D ( l )  
GO T O  '39 

38 T Y A G ( 1 )  = 0 s  
f Y A G ( 2 )  = 0 ,  
T Y d G ( ? I  = 3 .  

3 4  C O I V T I N l l E  * 
C A L C U L A T F  G S A V I T Y  T O R O U F S  

* C A L L  V E K T ( F L A T p E L O N , R K f U S P A I G f  6 T H I S  I S  D O N F  I N  Y A I N  E V E R  
o J4 I N T E G R A T I D N  T I Y E  S T E P S  

1; = q G M / K K * * 3  WHERE R K  I S  R A D I U S  V F C T O R  G I V E N  I N  K M  
I F ( G ~ V T Q ) 4 I r 4 1 ~ 4 3  

4{ T l ; R A V ( l  , = - G * l l B D r > r 2 ) * I J n O U ~ 3 ) * ( C 2 5 - C 2 6 )  
T G X A V ( 2  )=-G*USOD( S ) * U F O D ( l 1 * ( C 2 h - C 2 4 )  
IGYAV(3 j = - G * i J S n O (  1 j * i i B f I D  [ Z j  *{C ,24 -C251  
GO -if7 42  

4 1  VGRAVtZD = ;* 
TGi-14\162$ = I ' ,  

T G R A V f 3 )  = '?a 

4 2  C c l n l T l ~ l i J E  
C I I I V P U P E  C O Y T K O L  TnRQ[1ES 

I F C C Y T 9 L Q 1 4 5 v 4 5 p L 3  
4 3  CONT T "IJF 

.& 



t i X  = H R n l ~ f  1 D+MREMAX*lJNM%PE* I I S E F B ) + H X W Y 5  
H Y  = HBOnf 2 )  + I - ( R E M A X * l J N M $ P 1  t I S E E B ) + M V R I A S  
HZ = H R O D ( ~ " ~ + H R E Y A X * ' ~ N ~ ~ ~ ~ F ~ ~ ~ S E E G ) B ~ ~ Z ~ E ~ S  

t 

6 COYP!JTE ES90R V A R I A B L E S  -- R A T E S  A N D  A N G L E 5  
* E R R V ( 1  1 A R E  E R R O R S  I N  S T A T E  V A R I A B L E  F O P Y  W H E R E  
+ 
-7% F S R V ( l 1  = Z - A X I S  R O T 4 T I O N  ( Y A W  A N G ,  1 
r': E K R V (  2 )  = O M E G A - Z  ( YAW P A T E  1 
* F W R V I 3 )  = Y - A X 1 5  R D T A T I O N  ( P I T C H  A Y G L F  
fi t K R V ( 4 1  = 7 Y E G A - Y  ( P I T C H  R 4 T E  
t: E K K V ( 5 )  = X - A X I S  R O T A T I O N  ( R O L L  A N G L E  
9 F p P V ( 6 )  = I I Y F G A - X  ( P O L L  R A T E  1 
1" 

E R 9 V (  1 )  = Y + U N M l P I  ( I S E E D ) * A R E M A X * R P O  
E R R V 1 2 )  = T Y 3 + ( 4 K E M A X / R P M C O N ) * I J N M i P l I T S E E E )  
E R R V ( 3 )  = P+UNMIPl(ISEED)*AREYAX*RPr) 
t R R V ( 4 )  = TY2+(dR€Y4Y/RPMCON)*UNvlPl(ISEFD) 
E K K V (  5 = R + U N Y l P l  ( I S € E D ) * A R E M A X * K P L l  
E K Q V ( h )  = T Y 1 - D E S S P X + (  W P E M A X / R P M C O k ) ~ * U N ~ Z P l ( I S E  E D )  

4. 'I- 

I F ( A B S ( t P K V ( l ) ) . L E . ( P R Z A N G * R P i ) ) ) F Y R V ( l ~ = L e ~  
I F ( A B ' ; ( E K H V ( 2 l  ) . L E e ( D B Z R T E / R P M C f l h l )  I E P q V ( 2  ) = f i e ,  

I F ( A S S ( F F R V I 3 )  1 , L E . ( D R Y A N G * R P P ) ) E K K V ( 3 ) = ~ - . ~  
I F ( A B S ( E K R V ( 4 )  ) Q L E e ( D R Y R T E / P P M C O P 1 )  ) ? R R V ( ~ ) = L . . * ~  
I F ( A t 3 S ( E R R V ( 5 )  ) e L F e ( O B X A N G * R P O )  ) E R R V ( 5 ) = C e O  
I F ( A ? S ( E R R V ( h )  ) , L E e ( D B X R T F / P P P Y C f ~ N )  ) E R R V ( 6 ) = r s i T  

* 
ZF C O M P U T E  S U N  O l l I N T I N G  E R R O R  I N  B O D Y  FRALJIF -- T H F T X .  T H E T 7  I N  D E G R E E S  
6 

.% 

$c C O M P U T F  D E S I R E D  C O V T Q O L  T O R Q U E S  -- TOE 5 (  I )  
r)3 6.1~ I=1,3 

T a E S (  I 1  = ?, 
DO L4 J=1,6 

44  T O E S ( I )  = T D E S ( I 1  - E R R K ( I p J I * F P R V ( J I  
T D X  = T O E 5 I I  ) + T X H I A S  
T D Y  = T D E S ( Z I + T V R I A S  
T D Z  = T D F 5 ( 3 1 + T Z B T A S  

6 

C A L L  AL(;I lQ[ f A L G J R o Y O D F ~ E K R V ~ H X ~ H Y ~ ~ i Z r T O X ~ T D Y r T r ) Z ~ C 2 4 9 C 2 5 ~ C 2 6 9  
A L P Y A O ~ W X ? p E R R T 0 9 W X D E S 7 C F - ' X ~ C M Y I C ~ Z )  
A C Y X  = A B T ( C M X 1  
A C Y Y  = A B S ( C Y V )  
4 C Y Z  = A B S l C M L S  
I F  ( 4 r Y Y , G T , C M K Y A X I C Y X  = t C M X M A X * C M X )  / A C M X  
I F !  4 T Y Y a G I , C M Y Y A X E C Y Y  = l C M Y M & X * C M Y  1 / 4 6 Y Y  
I F (  A f ' 4 7 , G T a C M Z M 4 X  I C M 7  = ( C M Z Y A X * C Y Z ) / A C Y P  
T C " i T q t ( 3 )  = G Y V * H B O F ) ( 3 ) - C ~ Z * ~ R O D ( 2 1  
T C N T R L ( 2 1  = C Y Z * Y P U D t P ) - C M X * H B O Q f ' 3 1  
T C P j V 2 I  ( 4 )  = C M X * Y E O D t 2  1-CMY*HRUD(%6 
I F 1 5 t f l D d H L , L l  , I  IGO T O  62  
DFLT I2O -.: T D X - T C N " P R f  1 L) 
I F  ( q C L  T R ( J e E 3 . J a 3 1 G B  P O  6 4  
TQSGhJ = @ E b P P Q / A R S ( D E L T R Q )  
G3 r(l 55 



r s x u  = 1,3  
6& EF(ABS(DELTRQl * k E ,  ( T ( J b I M * C G S C O N l  1 G Q  TD 60 

I F (  YPSW,FQ,n)GU T O  69 
D E L M O Y  I T I M F - d r ? S T V !  s f - R T C I P Q )  
H R i 7 T O R  = RMOM+BELMOY 
GO TO 6 5  

6 1  I R S W  = 1 
66 R T Q F L R  = S L O P E * (  ( H R J T O R / C G S C O N 1 + (  TQSGt\ I*XhlTRCP 1 1 

R T n R Q  = - R T Q F L f l * C G S C O N  
1.rHSTFJI = T I M F  
Q Y O Y  = H R O T O K  
K T M f l M  = H R O T g R / C G S C f ) N  
I C ( 9 T P . 1 { ) Y m L T m F M H G H ) G ~ 3  T O  67 
I F (  ( H T O F L R / R T M O Y  ) e L T e i i m O ) G O  TO 6 2  
GO T r l  6 2  

67 I F ( R T Y f 3 M . G T e R 4 L ~ l W ) G r 3  TC) 6 2  
I F  ( ( S T Q F L S / R T M O Y )  . G T e r e C  ) G O  T O  6 2  

&C I P S W  = r 
R T O P Q  = ' .3 

62 C 3 N T  l PJUF 
GO TO $ 7  

45  on 4 6  1 = l , 3  
T 9 E S ( I )  =i3. 

4h T C N F R L ( 1 )  =a. 
C M X  = 3. 
CMY = ?. 
C M Z  = f. 

4 7  C O N T I N U E  
9; 

Dn &A 1 = 1 , 3  
4 R  T T n H (  I t = T Y q G (  I ) + T G R A V (  I ) + T C N T R L ( I  1 

xc 

* E Q U A T I I I N S  O F  A T T I  T U Q F  M D T I O N  
* 

D T Y l  = ( T T O 3 ( 1 )  + T Y 2 * T Y 3 * ( C 2 5 - C 2 h ) + R T O K Q ) / C 2 4  
D T Y 2  = ( T T n 3 ( 2 )  + T Y 3 * T Y l * ?  C 2 6 - C 2 4 I - - T Y 3 * H K ' 3 T f l R  ) / C 2 5  
D T Y 3  = ( T T O R ( 3 )  + T Y l * T Y 2 * ( C 2 4 - C 2 5 )  + T Y Z * H K O T O R  ) / C 2 h  
D T Y 4  = - 1 - T V 3 * T Y 5  + T Y 2 * T Y 6 )  3 0 C 5 5 5 p Q  
D T Y 5  = - I + T Y 3 * T Y 4  - T Y l * T Y 6 1  0 ~ 2 ~ 5 '  6nn 
D T Y h  = - ( - T Y 2 * T Y 4  + T Y 1 * T Y 5 )  ,LflC 5373f) 
D T Y 7  = - ( - T V 3 * T Y R  + T Y 2 * T Y Q )  T13C 5 -15c'O 
O T Y d  = - ( + T Y 3 * T Y 7  - T Y l * T Y 9 )  DOC 5''9?IC' 
D T Y 9  = - ( - T Y 2 * T Y 7  + T Y l * T Y R )  O C i  5 1 3 V  
3 T Y l L  = - ( - T Y 3 * T Y l 1 +  T Y Z * T Y 1 2 )  9Crfi512Cf 
D T Y l l  - ( + T Y 3 * T Y 1 3 -  T V 1 * T V 1 2 )  Q O ( i  5 13r?(8 
D T Y 1 2  = - { - T Y 2 * T Y l D +  T Y l * T Y 1 1 )  :3CO514nO 

J, nn 
J ,i 5 2 2 0 r  

I I Y P S T = I I Y E  O G C 5 2 8 Q f  
* ------------------------------------------------------------------ ?r)i 52913Cb 
4- * 3GrJ533"1': 
' ; ; & r r t ~ ~ t '  R F G  I O S I  ~ L ~ P ~ ~ I O F  

1 I T  4 2 9 F T U P N  
I F 4  I N I T 5 W  . Y 5  3 1  R Z T U R N  
CALL D A S C L  ( I I A F L r  l ) A F 2 9  C A F 3 9  O A F 4 9 B d F 5 ~ O A F h ~ C A F ? ~ D A F @ ~ X N ~ X 1 ~ N N P X 2 ~  e e a 

X * \ I O X 7 g  X h l 3 X 4 ?  X R I I 3 X 5 ,  Y N O X 6 p  X r \ f D X 7 p X N D X 8 v  I N D X r D A S F  1 
O M E X  = T Y l " R P Y C 3 N  
I IMEY  = T Y ~ * ~ P Y C L J ~ I  
I lMFZ = T Y 3 * K P Y C l N  



T R Q W M L = - R T U R Q / C G S C O M  
t COMPUTE P O Y F R  AND C O N V E Q T  T 0  WATTS 

R T K P r  k = _ ,  7 
i F f i < T f I R Q , Y E ,  I < T K P M R = I S C , Q  
A C V X  = 4 R S ( C Y X )  
A C M Y  = A B S ( C M Y 1  
A C M Z  = A R S ( C M Z 1  
PnWER = ( A C M X + A C M Y + A C M Z ) * l , C E - 5  
T O T P W R  = P O W F R + R T R P W R  
S U q D E C  = ( A R S I N ( M T X ( l r 3 )  ) ) * D P P  
S I J N R A  = (ATAN2[MTX(IrZ)rYTXIIrl)))*DPK 
R O L L  = Y * D P R  
D I T C H =  P * Q p R  
Y A M  = Y*DPR 
GO T O  ( 8 5 r 5 5 y 5 7 ~ 8 R ) ~ h ? D D E  

85 T O T F  R H = A W C O S  ( M T X  ( 1 9  1 I 1 * D P R  
CHVL1 = O Y E Y  
C H N L 7 = P I  T C t i  
C H V L L . = Y A W  
Gn r n  c '>  

P 7  T O T F F P = A R C O S ( Y T Y ( 2 * 2 1  )*nP[T 

C H N L l = P T T C Y  
C H N L ? = P n L L  
C H I \ ) C 4 = Y A t d  
GO T R  2" 

YR T n T E P R = A R C O S ( Y T X ( 3 , 3 ) l * D P R  
C H N L 1 = Y 4 W  
C H N L 3 = P I T C H  
C H N L 4 = R f l L L  

Qi C H N L 2  = T O T E R P  
R A N F N l  = ( E 9 R V (  1 ) - Y  ) * Q P R  
RANFN2=(fRKV(Z)-TY3)fRPMCON 
K A N F N 3  = ( E R R V ( 3 ) - P l * D P R  
RANFNG=fEYSV(4)-TYZ)*RPYCON 
P A N F M S  = (  E R q V ( 5  1 - R  J * n P P  
R A N F N 6  = ( E R R V ( 6  1 - T Y l + D E S S P X  ) * R P Y C " l N  

k 

I M R K = f T  
I F ( T I M F , F Q , T S T A R T ~ I Y R K = 1  
I F ( A M f l D ( T I M F p 3 5 1 3 ,  ~ Q G E  s 3 5 1 " o  I I E J I K K = l  
C A L L  W E C S A W ( 3 r l l r  I M R K )  
0 0  99  ISHNL=$r8 
D A V A K (  I C Y N L I = C U R V (  T N D X (  I C H N L I  1 

2(3 IDAC(?CHNL)=DAVAR(ICHNL)*OhSF(ICH"ILI 
* T R A N S F E R  D / A  

C A L L  W D A Q A W ( F r I D A C p 8 l  
: K E C C I R L I E K  CTEPPFO R Y  USF OF S Y S T F M  V A R I A B L E  C F L S T P  



FC TRAN I V  G LEVEL 18 ALGBW B A T E  = 70264  

D E T X E  =-HY*HSQD 
CMX =- (TDX*HX*HZ + TDP*FHY**2 s HZ**2 l )POETXL 
C M Y  = t H Z * T D X  - H X * P B Z I P W S Q D  
CMZ = iTDE*HX*HZ  + TDX+fHX**2 + H Y + * Z S l / D % T X Z  
GO T O  5 1  

72 CONTIPJUE 
C 4 L G Q R I T H M  F O R  X-Y A X I S  TORQUE C O N T R O L  
C 

D E T X Y  = H Z * H S Q D  
CMX = - ( T D X * H X * H Y  + T D Y * ( H Y * * 2  + H Z * * 2 1 ) / D E T X Y  
C Y Y  = ( T D Y * H X * H Y  + T D X * ( W X * * 2  + H Z * * 2 ) 1 / D E T X Y  
CMZ = ( H X * T D Y  - H Y * T O X ) / H S Q D  
GO T O  5 1  

73 C O N T I N U E  
C A L G O R I T H Y  FOR V-Z A X I S  TORQUE C O N T R O L  
C  

D E T  = -HSQD*HX 
CMX = H Y * T D Z  - H Z * T O Y  ) / H S Q D  
CMY = ( H Y * H Z * T C Y  + T O Z * (  H X * * 2  + H Z * * 2  1 I / D E T  
CMZ = - (  H Y * H Z * T D Z  + T D Y * (  H X * * 2  + H Y * * 2  1 ) / D E T  
GO TO 5 1  

81 CONTINUE 
C A L G O R I T H Y  FClR X  A X I S  TORQUE C O N T R O L  

S P K  = T D X / (  H Y * + 2  + H Z * * 2  1 
CMX = 0 .  
CMY = H Z * S P K  
C Y Z  = - H Y * S P K  
GO TO 5 1  

92  CONTIFJ t lE  
C A L G O R I T H M  F O R  Y  A X I S  TnRQUE C O N T R O L  

S P K  = T O Y / (  H X * * 2  + H Z * * 2  1 
CMX = - H Z * S P K  
C M Y  = 3. 
CMZ = H X * S P K  
GO TO 5 1  

A 3  C O N T I N U E  
C A L G O R I T H Y  F O R  2 A X I S  TORQUE C O N T R O L  

S P K  = T D Z I (  H X * * 2  + H Y * * 2  ) 
CMX = H Y * S P K  
CMY = -HX*SPK 
C M Z  = 0.3 
GCl T O  5 1  

5r  C M X = 0 e  
CMY = 0, 
C Y L  = 0 ,  

5 1  CONTINUE 
RETURN 
END 



F 4 T R A h I  % V  G L E V E L  18 AbGglR B A T E  - 4n;Zb4 12/L3/lb 

SUBWBUTBP4E A L G b 4  4 I ALGBRDWODED E W R V ~ H X ~ W V ~ H Z q T B X p  V O ' f v T D Z  e C 2 4 v C 2 5 v  
I C ~ ~ ~ A L P H A O I W X O ~ F R R T O ~  WKOESpCHXpCMY v C Y I I !  
DIMENSION E R R V i A D  
D A T A  DPR85702978i 

D A T A  R P Y C O N / 9 . 5 4 9 3 6 /  
D A T A  R P D / 3 . 0 1 7 4 5 3 2 9 /  

H S O D  = H X * * 2  + H Y * * 2  + H Z * * 2  
WTOT = S Q R T (  H s a n  I 
GO TO ( 6 9 ~ 6 C ~ 6 l r 6 2 ) ~ M O D E  

hC 1 - 1  
J=3 

L-6 
WXN = WXO/RPMCON 
H I  = H X  

GO T 9  63 
h l  I=1 

J= 5 
L=3 
WXN = YXO*RPD 
H I  = WY 

GO TO 63 
6 2  I = 3  

J = 5  
t=l 
WXN = WXO*RPD 
H I  = H Z  

63 E R R T  = Q S Q R T ( E R R V 4  I ) * * 2 + E R P V t J 1 * * 2 1  )*DPR 
I F ( E R R T . G T . 1  e O ) E R R T = ( A R C O S ( C C ) S ( E R R V ( I ) W C O S ( € U R V ( J  1 1  b )*DPR 

A L P H A  = ( A R S I N I H I / H T O T ) l * D P R  
ACCX = T D X / C 2 4  
A C C V  = T D Y / C 2 5  
ACCZ = T D Z / C 2 6  

C  
C G E N E R A T E  L O G I C  FOR S E L E C T I O N  O F  A L G O R I T H M  
C  
C I S N  = 1 M E A N S  SPIN A X I S  C O N T R O L  
C  I S N  = 2 M E A N S  S P I N  R A T E  T Y P E  C O N T R O L  
C 

I F ( A B S (  ALPHAl-ALPHAO122r22922~44 
2 2  IF(ARS(ERRV(L1)-WXN)44944t21 
2 1  I F ( E R R T - E R R T n 1 2 3 , 2 3 9 4 4  
44 C O N T I N U E  

C I S N  = 1 
C GO T O  ( 7 3 1 7 3 ~ 7 l r 7 2 1 9 M O D E  

GO P O  73 
2 3  CONTINUE 

6 [Sk! = 2 
2 5  I F 4  I A L G O R - 1 1 5 0 ~ 2 6 0 2 7  
26 GO T O  4 8 2 c 8 % g 8 2 g 8 3 !  rHBBE 
29 Gn TO %32932p33,349,MQDE 
3 2  I F ~ A C C Y - A C C L ) ~ E I ~ ~ ~ ~ ~  
33 iF4ACCX-4CCZ)73993r72 
3 4  I F  k A C G X - & C C V ) 7 3 , 7 % , 9 L  
71  CONTINUE 

C A l G n R I T H Y  FOR X-Z A X I S  T O R Q U E  C O N T R O L  
C 



FORTRAN I V  G LEVEL 1 8  HEADER DATE = 7 0 2 6 4  1 2 / 4 3 / 1 1  

W R I T E  l6r981NTERHS 
WRITE! B p  l 0 4 1 A L 1  A L T N M I p  ALTKHoECpC Z I N q C A P O q C R & N O v C D A P ~ C D R A N ~ C T P ~  

1JDAYPeMYRsSRAD 
W R I T E ~ 6 ~ 2 0 3 l D E L S ~ J ~ p O M E X O ~ O M E Y O ~ O M E E 0 ~ R O L L O s P ~ T C H @ v ~ A ~ O ~ D E L T ~  

~ T O R B I P X ~ P Y ~ P F ~ C X X ~ C Y Y ~ C Z ~ ~ ~ ; ~ ~ H E E L  
W R I T E ( b r 2 0 5 1  I S T A R T , I  TSTRTt  I S T O P *  ITSTOP 

9 8  FORMAT ( 1 H 1  v ~ O X I ~ O H S O L U T I O N  OF ATTITUDE EQUATIONS OF MOTION/ZGXq 5H 1 3 2 9  
1 0 F  AN/ lOXv27HEARTH S A T E L L I T E  FOR OESIRED/20X ,5HORBIT /2 (?X t18HNOMENT 1 3 3 C  
1 s  OF I N E R T I A / 2 0 X ~ 2 6 H O R I E N T A T I O N  AND S P I N  R A T E S / 2 0 X v 2 5 H S A T E L L I T E  MA 1 3 3 1  
1GNETIC D I P O L E I ~ G X I ~ H U S I N G  v I 3 q 3 0 H  TERM EXPANSION OF EARTH F I E L D / )  1 3 3 2  

1 3 3 3  
1 0 4  FORMAT ( / 3 4 X q  1 3 3 4  

1 5 1 H  ORIENTATION ANALYSIS  OF A  MAG S T A B I L I Z E D  SATELL ITEI /AX,33HKEPL 1 3 3 5  
1ER ELEMENTS- SEMI  MAJOR AXIS=F9.6/  
1 ALTITUDE BASED ON ASSUMING A  CIRCULAR O R B I T  OF GIVEN SEMI  MAJO 
1R A X I S  = 'F6 .11 '  N  MI .  = 'F6.1,' KM1/  
1 v 25X,l3HECCENTRICITY=F8.6t3Xt12HIN 1 3 3  
lCL INATION=F9.5 ,6H (DEG) /25Xp16HARG.  OF PERIGEE=F9.4r39H (DEG)  RT. 1 3 3 7  
1 ASCENSIf lN OF NODE AT EP0CkkF9.416H ( O E G ) / 2 5 X v  16HPRECESSION PER.= 1 3 3 8  
lF9.5.10H ( D E G / D A Y 1 , 6 X q 1 9 H P R E C E S S I D N  OF NflDF=F9.5,1014 ( D E G / 0 4 Y ) / 2 5 X  ' 1 3 3 9  
1,13HEPOCH- T IME zF7 .378H ( K S  UT1913X95HDAY =14,18X16tiYEAR = 1 5 / /  
1' RIGHT ASCENSION OF SUN AT START OF RUN = ' F8.2r1DEGREES' 

1 3 4 1  
2 0 3  FORMAT( /1RH P R I N T  INTERVAL= F6 .299H SECONDS l l O X , 2 L H  MAGNETIC F 

l I E L D  UPDATE = I 3 r l l H  T I M E  S T E P S / / 1 7 H  ANG VEL COMPS= 3E15 .8 / /  
1' I N I T I A L  ATTITtJDE R E L A T I V E  TO SUN L I N E  AND E C L I P T I C  PLANE I S 1 /  
1' ROLL = 'Fb.2,'DFG. P I T C H  = 'F6.2,'DEG. YAW = 'F6.2,'OEG ' / /  
1' T I Y E  STEP = 'F6.2,'SECONDS O R B I T A L  PERIOD = 'Fh.2,' M IN . ' / /  
1' PERMANENT MAGNETIC D I P O L E  COMPONENTS = '3E15.8, '  POLE-CM ' / /  
1' SPACECRAFT MOMENTS OF I N E R T I A  = '3E15.81 '  SLUG-FT-SQUARED ' / /  
1' ROTOR ANGULAR YDMENTUM = 'F7.11 '  L8-FT-SEC ' /  ) 

1 3  50 
2 P 5  FORMAT( 2 8 H  I N I T I A L  C O N D I T I O N S / / v 1 9 H  START ON DAY NO. 

113 , '  T I M E  ( HRS-MINI  UT 1 = ' I 4 r / '  STOP ON DAY NO* ' 1 3 , '  T I M E  ( 
1HRS-YIN, UT = ' 1 4 / )  

1 3 5 4  
RETURN 0 0 0 6 8 6 0 0  
END 0 @ 0 6 8 7 P @  
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APPENDIX D 

Derivation 01 Opt ima l  C o n t r o l  Law C o e f f i c i e n t s  

E NTRODUCTE ON 

T h i s  a p p e n d i x  p r e s e n t s  t h e  d e r i v a t i o n m e n t  of t h e  HEAO-A 

a t t i t u d e  c o n t r o l  l aw.  The a n a l y s i s  is b a s e d  on t h e  l i n e a r i z e d  

e q u a t i o n s  of m o t i o n ,  and assumes  t h a t  a  c o n t r o l  t o r q u e  c a n  be 

o b t a i n e d  i n  any d i r e c t i o n .  

T h r e e  modes of o p e r a t i o n  a r e  s t u d i e d :  a  s c a n  mode, and  

two p o i n t i n g  modes. I n  t h e  s c a n  mode t h e  s a t e l l i t e  s p i n s  a b o u t  

t h e  a x i s  w i t h  t h e  l a r g e s t  moment of i n e r t i a  ( X - a x i s ) ,  and  t h i s  

a x i s  must be  c o n t r o l l e d  t o  p o i n t  w i t h i n  +.lo. En t h e  p o i n t i n g  

mode the  s a t e l l i t e  d o e s  n o t  s p i n ,  b u t  one a x i s ,  e i t h e r  t h e  Y 

a x i s  o r  t h e  Z a x i s ,  must be c o n t r o l l e d  t o  p o i n t  w i t h i n  + l o  of  

a  c e l e s t i a l  s o u r c e ,  The s a t e l l i t e  is a l l o w e d  t o  move a b o u t  

t h i s  a x i s ,  b u t  i t  must b e  c o n t r o l l e d  t o  w i t h i n  +37O, A momen- 

tum whee l  a l i g n e d  w i t h  t h e  s p a c e c r a f t  X-ax i s ,  is assumed f o r  

a d d i t i o n a l  g y r o s t a b i l i z a t i o n ,  The p r i n c i p a l  d i s t u r b a n c e  t o r -  

q u e s  a r e  due  t o  g r a v i t y - g r a d i e n t s .  

The c o n t r o l  s y s t e m  must  m e e t  c e r t a i n  r e q u i r e m e n t s :  

(1) Given any i n i t i a l  e r r o r  ( r o l l  s p i n  r a t e ,  r o l l  a n g l e ,  

p i t c h  a n g l e ,  o r  yaw a n g l e ) ,  t h e  s y s t e m  must r e d u c e  t h i s  e r r o r  

t o  a n  a c c e p t a b l e  l e v e l ,  

(2)  Given an e x t e r n a l  d i s t u r b a n c e  on t h e  s a t e l l i t e  t h e  c o n t r o l  

s y s t e m  must r e d u c e  t h e  e f f e c t s  of t h i s  d i s t u r b a n c e  t o  an  

a c c e p t a b l e  e r r o r ,  

The o b j e c t  of  t h e  c o n t r o l  Law i s  t o  t a k e  t h e  measured 

s t a t e s  of t h e  a t t i t u d e  e r r o r s  and r a t e s  and  a p p l y  t o r q u e s  t o  

t h e  s a t e l l i t e  t o  c o r r e c t  t h e s e  e r r o r s  and a t  t h e  same t ime  

minimize  t h e  c o n t r o l  e n e r g y  r e q u i r e d .  



T H E  JOHNS HOPKINS UNIVERSITY 

APPLi ED PHYSICS LABORATORY 
SILVER SPRING MARYLAND 

DESCRLPTI ON 

I n  t h e  a n a l y s i s  t h e  s a t e l l i t e  is  t r e a t e d  a s  a r i g i d  b o d y  

w i t h  o n e  momentum w h e e l  a l o n g  t h e  r o l l  (X) a x i s ,  T h e  l i n e a r i z e d  

e q u a t i o n s  of motion a r e  de r i ved  i n  Appendix E and a r e  r e p e a t e d  

he r e  i n  equa t i on  ( 1 ) .  

where : 

r = r o l l  ang l e  ( p o s i t i v e  r o t a t i o n  about  x  a x i s )  

Y = yaw angle  ( p o s i t i v e  r o t a t i o n  about  z  a x i s )  

P  = p i t c h  a n g l e  ( p o s i t i v e  r o t a t i o n  about  y  a x i s )  

I Z  
= moment of i n e r t i a  about  t h e  z  a x i s  

= Y 
= moment of i n e r t i a  about  t h e  y a x i s  

I X  
= moment of i n e r t i a  about  t h e  x  a x i s  

Hx = moment of t h e  x  a x i s  momentum wheel 

= c o n t r o l  to rque  about  t h e  z a x i s  

T~ 
= c o n t r o l  to rque  about  t h e  y a x i s  

Tx = c o n t r o l  t o rque  about  t h e  x  a x i s ,  

and 

2 = 2 
0 

4- fe 

where 

l 
0 

= nominal r o l l  r a t e  = c o n s t a n t  

Pe = r o l l  r a t e  e r r o r  
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E q u a t i o n s  ( I )  c a n  be p u t  i n t o  s t a t e  v a r i a b l e  f o r m  

x - AX + BT 

whe re  i n  t h e  Scan  Mode 
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% n  t h e  P o i n t i n g  Mode 
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T h e  s t a t e  v e c t o r  X is of dimensron 5 i n  the s c a n  mode a-nd is 

of  d-imenslon 6 i n  t h e  p o i n t i n g  mode. The c o n t r o l  t o r q u e  v e c t o r  

T 1s of d imens ion  3 ,  M a t h e m a t i c a l l y  t h i s  o b j e c t i v e  of o p t i m a l  

c o n t r o l  t e c h n i q u e  is t o  choose  T  i n  s u c h  a  way a s  t o  min imize  

t h e  q u a d r a t i c  pe r fo rmance  i n d e x ,  

J = %/2 (X'QX + T f R T ) d t  

0 

where Q and  R a r e  t h e  w e i g h t i n g  m a t r i c e s  which we igh t  t h e  angu- 

l a r  e r r o r s  and  t o r q u e s  and  t h e  p r ime  i n d i c a t e s  m a t r i x  t r a n s p o s e ,  

I n  t h e  s c a n  mode 

Thus t h e  q u a d r a t i c  pe r fo rmance  c r i t e r i a  becomes 
00 

'." 

I n  t h e  p o i n t i n g  mode 
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I ' 0 0 i 
I_ 1 - j 

Thus t h e  q u a d r a t i c  pe r fo rmance  c r i t e r i a  becomes 

The o p t i m a l  s o l u t i o n  f o r  t h e  c o n t r o l  t o r q u e s  (To) t h a t  min imizes  

t h e  i n t e g r a l  is w e l l  known and  is g i v e n  by e q u a t i o n  ( 5 ) :  

where K ( m )  is t h e  s t e a d y - s t a t e  s o l u t i o n  of t h e  M a t r i x  R i c c a t i  

E q u a t i o n  ( 6 ) :  

The g e n e r a l  form f o r  t h e  o p t i m a l  c o n t r o l  t o r q u e  is t h u s  

g i v e n  by a  l i n e a r  c o m b i n a t i o n  of  a t t i t u d e  e r r o r s  and r a t e s ,  

s p e c i f i c a l l y ,  

Tx= -k 11 y  - k12f - k 1 3 ~  - k 1 4 ~  - k15r - k16(f - 2 ) d e s  

I n c o r p o r a t i n g  t h i s  t o r q u e  e x p r e s s i o n  w i t h  o p t i m a l  c o e f f i -  

c i e n t s  i n t o  t h e  l i n e a r i z e d  e q u a t i o n s  of  mo t ion  r e s u l t s  i n  a  

c o n t r o l l e d  dynamica l  s y s t e m ,  The b l o c k  d i ag ram r e p r e s e n t a t i o n  

f o r  t h e  BEAO-A l i n e a r i z e d  a t t i t u d e  c o n t r o l  s y s t e m  is  shown i n  

F i g u r e s  D L ,  and  D 2 .  



THE JOHNS HOPKINB UMtVERJlTY 

APPLIED PHYSICS LABORATORY 
SILVER SPRING MAIILAFID 

Fig. D--LOCK DIAGRAM OF THE LINEARIZED SYSTEM (SCAN MODE) 
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Fig. 13-2 BLOCK DIAGRAM OF THE LINEARIZED SYSTEM (POINTING MODE) 
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Given spscecraIt mass properties, and assumed values for 

wheel momentum n o m ~ n a l  scan rate and weighting ratio, a eom- 

puter program is used to generate specific values for all k 
ij' 

These  c o n t r o l  c o e f f i c i e n t s  a r e  t h e n  u s e d  a c c o r d i n g  t o  Equa- 

t i o n  (7)  t o  g e n e r a t e  t h e  d e s i r e d  v a l u e s  of t h e  t o r q u e  compo- 

n e n t s .  
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APPENDIX E 

Derivation of Linearized Equations of Motion 

I n t r o d u c t i o n  

T h i s  s e c t i o n  p r e s e n t s  t h e  d e r i v a t i o n  of  a  s e t  of l i n e a r i z e d  

dynamica l  e q u a t i o n s  f o r  HEAO-A, T h i s  l i n e a r i z e d  se t  is u s e d  

f o r  d e t e r m i n i n g  t h e  o p t i m a l  c o n t r o l  c o e f f i c i e n t s ,  The f u l l  u p  

dynamica l  s i m u l a t i o n  f o r  d e t e r m i n i n g  HEAO pe r fo rmance  is  b a s e d  

on e x a c t  g e n e r a l i z e d  n o n l i n e a r  e q u a t i o n s  of m o t i o n ,  

Fo r  BEAO-A, t h r e e  s e p a r a t e  d e r i v a t i o n s  of  L i n e a r i z e d  

e q u a t i o n s  e x i s t ,  one f o r  e a c h  of t h e  t h r e e  f o l l o w i n g  p o i n t i n g  

modes : 

1) X-axis  toward  s u n  o r  s t a r ,  

2 )  Y-axis  toward  s t a r ,  and  

3 )  Z-axis  toward s t a r ,  

I t  s h a l l  b e  shown t h a t  f o r  p u r p o s e s  of l i n e a r i z a t i o n  s e p a r a t e  

d e r i v a t i o n s  a r e  n e c e s s a r y  f o r  t h e  t h r e e  modes b u t  t h a t  a l l  

d e r i v a t i o n s  r e s u l t  i n  a n  i d e n t i c a l  se t  of l i n e a r i z e d  e q u a t i o n s ,  

X-Axis P o i n t i n g  
----- 

The l i n e a r i z e d  e q u a t i o n s  a r e  based  on E u l e r s  r i g i d  body 

dynamica l  e q u a t i o n s  of mot ion  and a  p r e f e r r e d  s e q u e n c e  of 

r o t a t i o n s  which d e f i n e  t h e  a t t i t u d e  of t h e  s p a c e c r a f t  w i t h  

r e s p e c t  t o  an i n e r t i a l  r e f e r e n c e  f r a m e ,  E u l e r s  e q u a t i o n s  

of  mo t ion  f o r  a  r i g i d  body w i t h  a  whee l  s p i n n i n g  a b o u t  t h e  

x - a x i s  a r e  
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where Hx is t h e  angula r  momentum of t h e  wheel a long  t h e  X-axis. 

The angula r  r a t e s  and to rques  Tx a r e  r e f e renced  t o  
X , Y , Z  , Y , Z  

t h e  X,Y,lraxes f i x e d  t o  t h e  s p a c e c r a f t .  

Ro ta t ion  Sequence 

I t  is assumed t h a t  t h e  s p a c e c r a f t  axes  a r e  i n i t i a l l y  

a l i gned  w i t h  an i n e r t i a l  r e f e r e n c e  s e t x ,  x , Z  and t h a t  a 

sequence of r o t a t i o n s  o r i e n t s  t h e  s p a c e c r a f t  t o  some g e n e r a l  

a t t i t u d e ,  P t  is noted t h a t  f o r  each p o i n t i n g  mode, l a r g e  

angular  r o t a t i o n s  e x i s t  about one a x i s  whi le  sma l l  r o t a t i o n s  

( l e s s  than 1') occur about t he  o t h e r  two. For subsequent 

l i n e a r i z a t i o n  t h e  l a r g e  ang le  motion must be e l imina t ed  from 

t h e  equa t ions .  This  is done by beginning t h e  r o t a t i o n  se -  

quence w i t h  t h e  a x i s  about which l a r g e  angula r  motion occu r s .  

For t h e  X-axis p o i q t i n g  mode, t hen ,  t h e  sequence of 

r o t a t i o n s  is  

1) r o t a t i o n  about X-axis through a  r o l l  a n g l e ,  r 

2) r o t a t i o n  about Y-axis through a  p i t c h  a n g l e ,  p 

3) r o t a t i o n  about Z-axis through a  yaw a n g l e ,  y  

F igu res  1, 2 ,  and 3 d e p i c t  t h i s  sequence.  

Each r o t a t i o n  i s  mathemat ical ly  desc r ibed  by a  m a t r i x  

which t ransforms  a  vec to r  from one frame t o  t h e  nex t .  
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[R] = 1 o c o s r  s i n r  I 
L O  - s i n r  c o s r  J 

F i g u r e  L X-axis R o t a t i o n  and Trans fo rmat ion  M a t r i x  
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[sinp o cosp J 

Figure 2 Y-axis Rotation and Transformation Matrix 
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r cosy s i n y  o I 

F i g u r e  3 Z-axis R o t a t i o n  and Trans format ion  Mat r ix  
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h 

The c o m p l e t e  t r a n s f o r m a t i o n  t h e n  of a  v e c t o r  NX g i v e n  i n  

i n e r t i a l  c o o r d i n a t e s  t o  t h e  same v e c t o r ,  b u t  d e f i n e d  i n  body 
-L 

c o o r d i n a t e s ,  Nb i s  

T r a n s f o r m a t i o n  of R a t e s  

The s e c o n d  s t e p  i n  t h e  d e r i v a t i o n  of a  l i n e a r i z e d  s e t  of 

dynamica l  e q u a t i o n s  i n v o l v e s  t h e  t r a n s f o r m a t i o n  o f  t h e  t h r e e  

r o t a t i o n  r a t e s ,  r o l l  r a t e ,  p i t c h  r a t e  and  yaw r a t e ,  i n t o  t h e  

f i n a l  body f r ame  ( x ,  y ,  z )  . T h i s  d e f i n e s  t h e  t h r e e  body 

r a t e s  % Wy and  aZ i n  terms of r a t e s  of a n g l e s  f o r  s u b s t i t u -  

t i o n  i n t o  E u l e r s  e q u a t i o n s  

The yaw r a t e  i ,  a  r o t a t i o n  a b o u t  t h e  z - a x i s ,  is a u t o m a t i -  

c a l l y  i n  f i n a l  body c o o r d i n a t e s  a s  s e e n  i n  F i g u r e  3 .  Thus t h e  

components  of t h e  a n g u l a r  r a t e  v e c t o r  G i n  body c o o r d i n a t e s  

due t o  yaw is  

* 
The p i t c h  r a t e ,  p ,  is a  r o t a t i o n  a b o u t  t h e  y2 a x i s  and is 

t r a n s f o r m e d  t o  f i n a l  body c o o r d i n a t e s  v i a  [Y]~ Thus w d u e  

t o  p i t c h  i s  
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The r o l l  r a t e ,  g, is a  r o t a t i o n  a b o u t  t h e  x l  a x i s  ( s e e  

F i g u r e  1) and  is t r a n s f o r m e d  t o  f i n a l  body c o o r d i n a t e s  v i a  

two m a t r i x  t r a n s f o r m a t i o n s  [Y] [PI Thus w due  t o  r o l l  is  

T h e  t o t a l  a n g u l a r  r a t e  v e c t o r ,  r e s u l t i n g  from r o l l  p i t c h  

and  yaw r a t e s  i s  g i v e n  by t h e  sum of Eqs (31 ,  (41 ,  and ( 5 1 ,  

which  is 

;J p s i n y  + E c o s p  c o s p  
h 

c o s y  - E c o s p  s i n y  

Y + i- s i n  p  

Angular  a c c e l e r a t i o n s  a r e  

.. . . . 
j, = p  s y  + p  y c y  + 'i cpcy  - ; s p c y  - r y  c p s y  

a L * e 0 4 =': cy  - p  y s y  - r e p s y  + r p  s p s y  - E i  cpcy  

where  s i n e  and  c o s i n e  a r e  a b b r e v i a t e d  by s and  c ,  

r e s p e c t i v e l y  - 
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L i n e a r i z a t i o n  of A n g l e s ,  R a t e s  and  A c c e l e r a t i o n s  --- 

The r a t e s  and  a c c e l e r a t i o n s  g i v e n  by Eqs (6) and  (7) 

a r e  s u b s t i t u t e d  i n t o  E u l e r s  E q u a t i o n s ,  Eq ( l ) ,  a n d  l i n e a r i z e d ,  

The f i n a l  l i n e a r i z a t i o n  p r o c e s s  i n v o l v e s  a  breakdown of r o l l ,  

p i t c h  a n d  yaw a n g l e s  and  r a t e s  i n t o  nomina l  p l u s  p e r t u r b e d  

m o t l o n ,  For  example 

and  

where  ( -  ) o  is t h e  nomina l  mo t ion  and (--) is t h e  p e r t u r b e d  
4 

mot i o n  

The nomina l  mo t ion  f o r  p i t c h  and  yaw i s  z e r o  f o r  b o t h  

a n g l e s  and  r a t e s  which r e f l e c t s  t h e  i d e a l  s t a b i l i z e d  c o n d i t i o n .  

The nomina l  mot ion  f o r  r o l l  r a t e ,  r is f i n i t e  and  c o n s t a n t  
0 '  

n e a r  0 , 0 5  rpm, E t  is  n o t e d  h e r e  t h a t  t h e  r o l l  a n g l e  which  

v a r i e s  from 0 t o  360' d o e s  n o t  a p p e a r  i n  t h e  e x p r e s s i o n s  f o r  

body r a t e  o r  a c c e l e r a t i o n ,  T h i s  is due  t o  t h e  f a c t  t h a t  t h e  

f i r s t  r o t a t i o n  s e q u e n c e  was r o l l ,  Powers and  p r o d u c t s  of  t h e  

p e r t u r b e d  e l e m e n t s  a r e  n e g l e c t e d  when l i n e a r i z i n g -  The r e s u l -  

t i n g  l i n e a r i z e d  e q u a t i o n s  o f  mo t ion  a r e :  
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Y-Axis Po inL lng  

The development  of  a  l i n e a r i z e d  se t  of e q u a t i o n s  f o r  t h e  

Y-axis  p o i n t i n g  mode i s  s i m i l a r  t o  t h e  deve lopment  f o r  X-axis 

p o i n t i n g  w i t h  t h e  e x c e p t i o n  t h a t  t h e  s e q u e n c e  of  t r a n s f o r m a -  

t i o n s  must be d i f f e r e n t  and  t h a t  t h e  nomina l  r o l l  r a t e  is  now 

z e r o ,  

I n  t h e  Y-axis p o i n t i n g  mode, t h e  Y-axis  must  be p o i n t e d  

t o  a  s p e c i f i c  a t t i t u d e  w i t h  l e s s  t h a n  lo h a l f  c o n e  a n g l e  e r r o r ,  

La rge  a n g u l a r  r o t a t i o n s  c a n  o c c u r  a b o u t  t h e  Y-axis  ( % . e ,  p i t c h  

mot ion )  s o  l o n g  a s  t h e  X-axis  r e m a i n s  w i t h i n  37' of t h e  s u n  

l i n e ,  En t h e  d e r i v a t i o n  i t  is  e s s e n t i a l  t h a t  t h e  p i t c h  a n g l e ,  

which may be  l a r g e ,  is n o t  i n h e r e n t  t o  t h e  e q u a t i o n s .  T h i s  

i s  accompl i shed  by s e l e c t i n g  t h e  Y-axis  ( p i t c h  a x i s )  a s  t h e  

f i r s t  r o t a t i o n  i n  t h e  s e q u e n c e ,  

The r o t a t i o n  s e q u e n c e  f o r  Y-axis  p o i n t i n g  is  t h u s :  

1 )  r o t a t i o n  abou t  Y-axis  t h r o u g h  a  p i t c h  a n g l e  

2) r o t a t i o n  a b o u t  Z -ax i s  t h r o u g h  a  yaw a n g l e  

3 )  r o t a t i o n  a b o u t  X-axis  t h r o u g h  a  r o l l  a n g l e  

F o l l o w i n g  t h e  p r o c e d u r e  employed i n  t h e  X-axis  p o i n t i n g  

mode, t h e  body a x i s  a n g u l a r  r a t e s  become 

.) 

r + p  s i n y  - 
(a3 = $ s i n r  + c o s r  c o s y  

c o s r  - s i n s  c o s y  I 
Differentiating,substituting i n t o  EuPers  e q u a t i o n s  of  mo t ion  

and  l i n e a r i z i n g ,  t h e  f o l l o w i n g  e q u a t i o n s  r e s u l t :  
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Equat ions  (10) a r e  i d e n t i c a l  t o  those  f o r  t he  X-axis 

p o i n t i n g  mode (Eqs(8))  i f  Eo is s e t  t o  ze ro  i n  Eqs (8) .  

Z-Axis Po in t ing  

Requirements f o r  Z-axis . . po in t ing  a r e  s i m i l a r  t o  those  

f o r  Y-axis p o i n t i n g .  I n  t h i s  ca se  the  Z-axis must be o r i e n t e d  

t o  a  s p e c i f i c  source  w i t h  l e s s  than lo ha l f  cone ang le  e r r o r ,  

Large angula r  motions can occur about t h e  Z-axis ( i . e .  yaw 

motion) s o  long a s  t h e  X-axis remains w i th in  37' of t he  sun 

l i n e .  

Again, a s  i n  t h e  Y-pointing qode, the  l a r g e  yaw motion 

must be kept  out  of t h e  t rans format ion  equa t ions  f o r  angular  

r a t e s .  This  is done by s e l e c t i n g  t h e  fol lowing sequence of 

r o t a t i o n s :  

1 )  r o t a t i o n  about Z-axis through a  yaw ang le .  

2) r o t a t i o n  about y -ax i s  through a  p i t c h  ang le .  
x 

3) r o t a t i o n  about $-axis through a  r o l l  ang le .  

Using t h i s  sequence,  s p a c e c r a f t  angular  r a t e s  i n  t h e  body 

system a r e :  

I:! 
- y  s i n  p  

I b cos r  + f s i n r  cosp 1 (E-11) 

-p s i n r  + y  cos r  cosp I J 
Performing t h e  r e q u i r e d  d i f f e r e n t i a t i o n ,  s u b s t i t u t i o n  and 

l i n e a r i z a t i o n  a  s e t  of equa t ions  i d e n t i c a l  t o  t he  Y-pointing 

mode results-Eqs (10) .  
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Conclusion-Awwendix E 

T h i s  appendix  has  p r e s e n t e d  t h e  d e r i v a t i o n  of l i n e a r i z e d  

e q u a t i o n s  f o r  HEAO-A s c a n  and Y-axis and Z-axis p o i n t i n g  modes. 

Although t h e  t r a n s f o r m a t i o n  sequence  f o r  d e f i n i n g  s p a c e c r a f t  

a t t i t u d e  is  d i f f e r e n t  from each mode, t h e  r e s u l t i n g  l i n e a r i z e d  

e q u a t i o n s  a r e  t h e  g e n e r a l i z e d  set  Eqs (8) .  For Y-and Z-axis 

p o i n t i n g  modes Eo, t h e  nominal r o l l  r a t e ,  is  s e t ' t o  z e r o .  




